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Abstract 
 
Organometallic complexes play a crucial role in Organic Electronics and due to their 
interesting optoelectronic properties they have been widely applied in organic light-emitting 
diodes and organophotovoltaic devices. Organometallic complexes are often used in the 
form of small molecules and their exact orientation in the bulk material can have a major 
effect on device performance. 
In this work, different approaches of covalently incorporating metal-porphyrin 
complexes into polymers were explored with the aim of producing homogeneous donor-
acceptor type polymers which allow for the elimination of phase separation effects within 
the active material of the respective devices. 
A set of design rules was developed for the creation of porphyrin-polymer complexes 
and their application as host-guest systems in the triplet-sensitisation of semi-conducting 
polymers was studied, determining the optimal functional groups as well as matching 
absorption and emission properties. To this end, a synthesis pathway was developed that 
enabled the creation of metal porphyrins as well as their specific functionalisation for use in 
different co-polymerisation reactions. Platinum (II), palladium (II) and zinc (II) porphyrins 
were synthesised and successfully incorporated into a series of semi-conducting polymers: 
regiorandom and regioregular poly(3-hexylthiophene) (P3HT), 
poly(bis(decylthiophene)phenylene) (TTP) and poly(para-phenylenevinylene) (PPV). 
Successful co-polymerisation was reported for all polymers and the electronic 
interaction between the polymer hosts and porphyrin guests was analysed. The successful 
creation of triplet-sensitised polymers was shown and the full triplet formation pathway was 
mapped by spectroscopic means, creating a novel tool for the generation and analysis of 
polymer triplet excitons. 
Finally, computational methods were used for the accurate description of polymer 
triplet excited states and their usefulness in the prediction of excited state properties was 
shown. Polymer models were designed, computed and compared to experimental data and 
the use of computational methods as a widely applicable and precise tool for determining 
polymer excited states was discussed, further substantiating the design rules developed 
throughout this work.  
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 Organic electronics 1.1
Organic Electronics deal with the application of semi-conducting organic small 
molecules and polymers. The study of the conductive and optoelectronic properties of 
organic materials can be traced back to the beginning of the twentieth century when the 
photoconductive properties of organic substances were first discovered.1–3 However, due to 
the poor control over material purity and the low the stabilities and efficiencies encountered 
their technological uses were limited.4 
The beginning of Organic Electronics is strongly linked to the discovery of improved 
synthetic techniques, culminating in the creation of strongly conductive, halogen-doped 
polyacetylene films by Shirakawa et al. in 1977.5 This created a new field of research in 
organic semi-conductors and the contributions of Alan G. MacDiarmid, Alan J. Heeger and 
Hideki Shirakawa were subsequently honoured with the Nobel Prize in 2000. 
The rapid growth of new organic electronic materials, and specifically of semi-
conducting polymers, has led to the development of organic field-effect transistors (OFETs),6 
electroluminescent diodes,7 organic light-emitting diodes (OLEDs)8 and organophotovoltaic 
(OPV) cells9 and since then research has constantly increased the efficiency and reliability of 
devices based on organic semi-conductors.10–12 One of the main advantages of organic 
electronic materials is the possibility to print films from solution using ink-jet technology, in 
a fashion exactly analogous to techniques used in the conventional printing industry.13 This 
allows for large-area printing via roll-to-roll processes onto flexible substrates, and has the 
potential for cheaper production and for creating novel types of electronic devices. 
 Semi-conducting polymers  1.2
Semi-conducting polymers are defined by their conjugated single and double bonds 
that create a delocalised π-system extending along the polymer backbone.14 An increase in 
polymer conjugation leads to more extended π-orbitals, which in turn leads to optical 
bandgaps that are narrower than that of their monomeric building blocks (Figure 1.1).† The 
molecular weight of semi-conducting polymers has a major impact on their optical 
                                                     
 
†Throughout this work ordinate axes are implied in all molecular orbital schemes and energy level 
diagrams, but are omitted for clarity. The (implied) ordinate axes describe the energetic position of the 
molecular orbitals and electronic states, respectively. 
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properties, their processability and ultimately their effectiveness in organic electronic 
devices. The optimal molecular weight represents a fine balance between the desired 
parameters and in many systems it forms a optimal balance between, for example, 
beneficial bulk morphological properties and polymer purity.15–19 
 
Figure 1.1 - Development of the polythiophene bandgap structure. 
Polymer engineering often targets alkyl side chains to increase material solubility, 
however this needs to be balanced against material crystallinity and the compatibility with 
other materials, all of which can directly impact the performance. Careful design and 
optimisation are therefore required to achieve the optimal effect in side-chain 
engineering.20–22 
 
Scheme 1.1 - MEH-PPV, P3HT and PBTTT polymers; R: alkyl group. 
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Some common structural motifs in semi-conducting polymers are shown in Scheme 
1.1 and include methoxy-ethylhexoxy-substituted poly(para-phenylenevinylene) (MEH-PPV), 
poly(3-hexylthiophene) (P3HT) and poly((dithiophenyl)thienothiophene) (PBTTT). 
MEH-PPV is widely used in polymer OLEDs23,24 and P3HT is the classic material for use 
in OFETs and organic solar cells.25,26 P3HT has long been considered the classical benchmark 
polymer for Organic Electronics and until today polythiophenes still remain one of the most 
important and most studied polymer class.10,12 PBTTT is often used in OFETs as it can achieve 
mobilities of ~0.6 cm²/Vs, a value very comparable to that of amorphous silicon 
(~1 cm²/Vs).27,28 
 
Scheme 1.2 - PTB7 donor-acceptor copolymer. 
A lot of research has also focused on synthesising polymers with increased oxidative 
stability which at the same time retaining good conductivity or good absorption properties.29  
 
Figure 1.2 - Molecular orbital diagram in a donor-acceptor-type molecule. 
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One common design motif that is used to this end are donor-acceptor-type polymers 
which are made up from alternating electron-rich donor and electron poor acceptor units 
(Scheme 1.2), such as poly(4,8-bisethylhexyloxybenzodithiophene-3-fluoro-2-(ethylhexyl-
carbonyl)–thienothiophene) (PTB7). PTB7 is a low-bandgap semi-conductor used in organic 
solar cells and has been shown to achieve power conversion efficiencies of ~10 %.30 
The use of donor-acceptor-type polymers leads to a further reduction in the optical 
bandgap – as compared to the homopolymers – and results in materials with absorption 
wavelengths approaching the red to near-infrared part of the light spectrum (Figure 1.2).31,32 
1.2.1 Transition metal-catalysed polymerisations 
The advent of transition metal-catalysed polymerisation in the late 20th century 
satisfied the need for well-controlled polymer growth, enabled the synthesis of well-defined 
donor-acceptor copolymers and allowed for high regioregularities especially in poly-
thiophenes; it was hence quickly established as the new standard in synthetic polymer 
chemistry.33 
 
Figure 1.3 - Catalytic cycle using the Kumada conditions. 
 
18 
The most prominent examples of transition metal-catalysed reactions are the Heck- 
(alkene),34 Kumada- (magnesium),35 Stille- (tin),36 Suzuki- (boron)37 and Negishi- (zinc)33 
reactions, each of which allow to make use of different molecule functionalities. For their 
work in the field Richard Heck, Ei-ichi Negishi and Akira Suzuki were awarded the Nobel Prize 
in Chemistry in 2010. 
A catalytic cycle with metallated compounds, i.e. all reactions except for Heck, can be 
broadly separated into four steps (Figure 1.3). In the first step the Pd0 catalyst inserts into 
the carbon-halogen bond of a halogenated aromatic compound (R’’), conducting an 
oxidative addition. The catalyst then reacts with a second, metal-functionalised aromatic 
compound (R’) by exchanging ligands in a transmetallation step, with the type of metal used 
depending on the precise reaction. Depending on their orientation and their denticity the 
two aromatic ligands can then re-arrange to a cis-position on the catalyst prior to their 
reductive elimination in the next step. The reductive elimination produces the newly bound 
aromatic compound and restores the catalyst to its non-oxidised state. 
1.2.2 Gilch polymerisation 
Gilch polymerisations are the classic method used for the synthesis of PPV polymers 
for use in OLEDs as they do not use transition metal catalysts which excludes potential metal 
impurity in the final polymer material.38  
OR
OR
Cl
Cl
OR
OR
tBuOK
 
Scheme 1.3 - Gilch polymerisation of PPVs; R: alkyl group. 
The Gilch polymerisation technique was first presented in 196639 and it is known for 
affording PPV polymers with very high molecular weights (up to 1,000 kg/mol) and low PDIs 
(Scheme 1.3).40–42 These high molecular weights, combined with the strong tendency of PPVs 
to planarise, often lead to the formation of microgels which can pose a major problem in the 
polymer purification, e.g. via filtration.43,44 Much research has therefore been conducted on 
solubility of PPV polymers and the reduction of their molecular weight. This has led to the 
use of a number of different reaction additives that allow to reduce molecular weights and 
inhibit microgel formation.45,46 
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The exact reaction mechanism in Gilch polymerisations is hotly debated and there is 
evidence for both radical40,47–49 and anionic41,50–53 polymer propagation, often both can be 
prevalent depending, for example, on the solvent choice or the monomers used. 
1.2.3 Horner-Wadsworth-Emmons polycondensation 
 
Scheme 1.4 - Horner-Wadsworth-Emmons polymerisation of PPVs; R: alkyl group. 
In contrast to the Gilch reaction, Wittig-type polymerisations offer greater flexibility 
in the creation of PPV copolymers due to the binary nature of the monomers with their 
phosphor and aldehyde functionalities (Scheme 1.4). Examples of these copolymerisation 
reactions include the synthesis of PPVs incorporating triphenylamines,54 fused aromatic 
systems38,55 and alternating phenylene repeat units,56,57 as well as PPV porphyrin 
copolymers,58,59 making Wittig-type reactions a promising method for the covalent 
incorporation of dopant molecules into polymers, as its success seems to be largely 
independent of the precise molecular structure of the monomers. 
The Horner-Wadsworth-Emmons polycondensation specifically represents a good 
way to synthesise all-(E) PPVs which in turn promises a good reproducibility of the polymer 
properties. All-(E) stereochemistry can be achieved in Gilch reactions, too, but often 
necessitate additional steps, such as the use of activated monomers in the Wessling or 
dithiocarbamate routes, adding a further complexity to the dopant copolymerisation which 
ideally would be avoided.38,52,54,57  
On the other hand, polycondensation reactions are also known to result in low 
molecular weights and PPV syntheses especially report molecular weights in the sub-
10kg/mol regime. This can be partially compensated for by the Horner conditions that result 
in polymers with increased molecular weights compared to other Wittig-type reactions.54,60 
The flexibility and stereochemical control therefore make the Horner-Wadsworth-Emmons 
polycondensation a second, favourable polymerisation method for PPVs and choosing the 
right method is ultimately a question of finding the best trade-off. 
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 Physical properties of semi-conducting polymers 1.3
1.3.1 Excited state species 
 
Figure 1.4 - Molecular orbital diagram comparing a neutral molecule and an exciton. 
In an organic material, such as semi-conducting polymers, the creation of an excited 
state leads to the formation of an electrically neutral bound state of an electron and an 
electron-hole which interact via attractive Coulomb forces (Figure 1.4). This quasiparticle is 
termed an exciton; excitons play a leading role in charge generation in organic semi-
conductors. 
 
Figure 1.5 - Molecular orbital diagram comparing the neutral molecule with the polaronic states. 
Excitons in semi-conducting polymers tend to be more strongly localised when 
compared to inorganic materials because of the comparably low dielectric constant of the 
organic material. This results in a strong exciton binding energy between the electron and 
the hole of 0.3 - 0.5 eV for singlet excitons.61–63 Triplet excitons differ greatly in their 
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properties; they are introduced in Chapter 3 where their relationship with singlet excitons is 
explored in more detail. 
Polarons are formed when charge carriers are introduced into in semiconducting 
polymers either via injection of an electron into the LUMO or via removal of an electron 
from the HOMO, forming electron and electron hole carriers, respectively (Figure 1.5). In the 
presence of such a charge carrier the local surroundings are partially polarised and react by 
reorganising into a lower energy structure. The definition of a polaron includes both the 
charge and the molecular reorganisation and they can be either positively or negatively 
charged. In organic electronic materials polaron hopping forms a major pathway for the 
charge transfer, and in OPV cells polarons are responsible the generation of free charges.64,65 
1.3.2 Jablonski diagram 
 
Figure 1.6 - Jablonski diagram showing the first excited singlet and triplet states; electron representations are overlaid as 
a visualisation of the electronic state. 
The Jablonski diagram (Figure 1.6) shows the different excited states an electronic 
system can take on and displays the possible interactions between them. The electronic 
ground state S0 can absorb light upon which an excitation into the S1 state takes place, 
forming a singlet excited species with a lifetime in the nano-second regime. The electronic 
excitation is vertical and follows the Franck-Condon principle. The excited S1 state can then 
relax back to the ground state by emission (fluorescence) or via non-radiative transmission.  
The triplet state T1 is lower-lying in energy than the S1 state. This is in accordance 
with Hund’s rule which states that the electronic state with lowest energy has the highest 
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multiplicity. This is due to the fact that the electrons in a triplet state do not experience Pauli 
repulsion. The triplet energy level in semi-conducting polymers is ~0.7-1.0 eV lower-lying 
than the first singlet exited state.66,67 
The triplet state T1 cannot be directly accessed through the absorption of a photon 
due to symmetry restrictions, but it can be accessed non-radiatively via inter-system crossing 
from a higher lying (singlet) orbital. In semi-conducting polymers typically no strong spin-
orbit-coupling is present, resulting in inefficient singlet-triplet transitions. Consequently, 
triplet states have much increased lifetimes on the microsecond scale and above.68 
1.3.3 Marcus theory 
 
Figure 1.7 - Marcus energy diagram; R: reactant, P: product, λ: reorganisation energy, ΔG*: kinetic energy barrier,  
ΔG0: total Gibbs free energy, HRP: electronic coupling between the two electronic states. 
In semi-conducting polymers charge carriers, such as polarons, are strongly localised 
and are usually limited to segments of a polymer. This can be attributed to a low order of the 
bulk structure, especially in amorphous polymers and to defects which in turn are due to 
chain twists or stacking defects in crystalline polymers. The localisation of charge carriers 
necessitates the charge transfer to take place via a charge carrier hopping mechanism along 
the polymer chain or between polymer chains. Energetically speaking a charge transfer 
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occurs between two local potential energy wells that are described by the harmonic 
oscillator; the exchange mechanism necessary for the transfer is closely related to the classic 
Marcus electron transfer theory (Figure 1.7).69 
The Marcus theory considers the charge exchange between two equilibrium states as 
a function of the reorganisation energy (λ) which is the potential energy necessary to 
overcome the transfer barriers in a classical system. In the semi-classical interpretation of 
the theory the charge transfer between two potential energy wells takes place at the 
intersection of their respective potential energy surfaces where adherence to the Franck-
Condon principle is guaranteed. The relevant energetic quantities describing the feasibility of 
the charge transfer are represented by the kinetic (ΔG*) and thermodynamic (ΔG0) 
contributions. Marcus theory has been widely applied to explain charge transfer behaviour 
in amorphous and crystalline polymers,70 in acceptor materials71,72 and to describe singlet 
fission kinetics73,74 and triplet diffusion mechanisms.75–77 
1.3.4 Energy transfer and charge transfer 
Two main mechanisms exist describing the electron transfer between excited state 
species: the Förster Resonance Energy Transfer (FRET) and the Dexter Electron Transfer 
(DET). 
 
Figure 1.8 - FRET between an excited Donor and an Acceptor molecule. 
FRET works by a simultaneous activation-deactivation process of two connected 
electronic systems: an excited donor species and an acceptor of comparable energy (Figure 
1.8).78 The energy that is released upon the deactivation of the donor is transferred via 
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dipole induction, i.e. via a non-emissive energy transfer that excites the acceptor species. 
The FRET process is the preferred mechanism for singlet exciton transfers.79 
 
Figure 1.9 - DET between an excited Donor and an Acceptor molecule. 
DET processes are the only pathway that allow for the transfer of triplet excitons 
since Förster-type transfers of triplet excitons are spin-forbidden (Figure 1.9). The Dexter 
Electron Transfer differs from the Förster-process in that it not only represents a transfer of 
energy but is based on a particle exchange.80 In a DET an excited donor interacts with an 
acceptor molecule by an exchange of electrons. Dexter-type transfers typically occur over 
distances of less than 10 nm and are therefore highly dependent on a good orbital overlap 
between the two interacting quantum states.80 
 Organic electronic devices 1.4
1.4.1 Organic field-effect transistors 
OFETs are the carbon-based (‘organic’) analogue to the classic silicon field-effect 
transistors and they have gained a lot of attention due to their potential as low-cost devices, 
e.g. in the mass production of RFID chips and mobile display applications.81–83 
At the centre of the OFET working principle is the organic semi-conducting layer that 
acts as a conductor for charges (either electrons or electron holes). Charge flow is regulated 
using three electrodes, the Source, the Drain and the Gate (Figure 1.10). Source and drain 
electrodes inject and extract charges while the gate electrode is used to induce an electric 
field that polarises the semi-conductor. The gate electrode is separated from the rest of the 
device by an insulating dielectric layer which allows the field to propagate homogeneously 
and helps avoid vertical charge transfers (short circuits). The dielectric also provides an 
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interface with the active layer which – upon activating the gate voltage – acts a ‘channel’ 
through which charges can flow. The two main OFET device designs are the top-gate 
bottom-contact (TGBC) and bottom-gate bottom-contact (BGBC) architectures. 
 
Figure 1.10 - TGBC and BGBC architecture in OFET devices. 
In an ideal device the ‘off state’ is reached when the gate voltage is zero (VG = 0 V), 
inhibiting any charge flow between source and drain electrodes (ISD = 0). When a gate 
voltage is applied the device switches ‘on’, allowing charges to flow between source and 
drain electrodes. However, the flow of charges can be hindered by morphological defects or 
electronic trap states that are induced by impurities and can trap mobile charges and lower 
the effectiveness of the device. 
Key parameters for OFET devices are the charge carrier mobility (µ), the threshold 
voltage (VT) and the on/off ratio (Ion/Ioff). Carrier mobility is defined as the charge velocity 
per unit field and is typically measured in cm²/Vs.84 Current research is aimed at achieving 
mobilities in excess of 1 cm²/Vs – the typical mobility for amorphous silicon.85 The threshold 
voltage is the voltage at which the non-ideal device switches ‘on’. Finally, the on/off ratio is 
the current ratio of the device in the ‘on’ state and the residual current in the ‘off’ state, i.e. 
at a gate voltage of zero due to leakage. Typically, on/off ratios in excess of 106 are required 
for good device performance.86 
1.4.2 Organic photovoltaics 
Organic semi-conducting polymers have also been applied in organic photovoltaic 
(OPV) cells where they act as light-harvesting and charge-separating materials. When 
comparing research cells with multi-junction architecture the efficiency of OPV cells (up to 
13 %) is much lower than that of their silicon PV counterparts (up to 46%).87,88 Similarly to 
OFETs, the devices created do not aim at replacing silicon-based solar cells but at 
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complementing them. One of the main advantages of organic solar cells is the option to print 
them onto large area flexible substrates. The obtained OPV cells are much more light-weight 
and flexible than brittle and heavy, glass substrate solar cells and help create new and more 
convenient ways of installation.11 
 
Figure 1.11 – Bilayer and BHJ architecture in OPV devices. 
In an OPV cell visible light enters through the transparent substrate and is absorbed 
by the donor material, creating a locally bound exciton. Excitons are coulombically bound, 
neutral electron-hole pairs. Due to their lower dielectric coefficient excitons in organic semi-
conductors are localised much more strongly than in silicon materials, making charge 
separation more energetically demanding. To achieve an efficient splitting in OPV cells the 
exciton subsequently needs to travel to the donor-acceptor interface where the actual 
charge separation takes place. 
There are two main OPV cell architectures: bilayer and bulk-hetero junction (BHJ) 
devices (Figure 1.11). The bilayer architecture contains two separate layers, one donor and 
one acceptor, that share a common interface. Conversely, the active material in BHJ devices 
is made up of a single layer containing a physical blend of both donor and acceptor. 
For both architectures these layers typically achieve a thickness of several hundred 
nanometers in order to guarantee a good absorption of the incident light. However, the 
typical diffusion length of (singlet) excitons is on the order of 10 nm,79 much shorter than the 
average travelling distance in bilayer solar cells, leading to low efficiencies due to the large 
distances involved. 
The relatively simple architecture of bilayer solar cells is beneficial in fabrication, 
however the long travelling distances between the generation site and the D/A interface and 
the subsequent high exciton quenching rates severely limit this design. In some cases, where 
bilayer solar cells use mobile fullerenes as acceptors, the performance can be increased 
using annealing, making use of the thermally-driven diffusion of the acceptor fullerenes.89 
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Figure 1.12 - Active layer in a bulk-heterojunction solar cell. 
In comparison, BHJ solar cells have a much more complex architecture. Blend 
structures roughly the same size as the diffusion length (10 nm) are needed for good charge 
interaction, making high precision in the fabrication necessary (Figure 1.12). Furthermore, 
due to the blended state of the materials a good charge extraction pathway is required. For 
this, the blended material needs to form networks that are electronically connected to the 
electrodes, allowing for the free charges to percolate through the active layer. When these 
requirements are met BHJ solar cells typically outperform comparable bilayer 
architectures.89,90 
 
𝑃𝑃𝑃𝑃𝑃𝑃 =  𝐽𝐽𝑆𝑆𝑆𝑆  𝑉𝑉𝑂𝑂𝑆𝑆  𝐹𝐹𝐹𝐹
𝑃𝑃𝑖𝑖𝑖𝑖
 (1.1) 
The effectiveness of solar cells is gauged by their power conversion efficiency (PCE) 
which is the energetic ratio between the electric output of the device and the incident 
photon flux (Pin). Several factors contribute to the PCE, like the short-circuit current (JSC), the 
open-circuit voltage (VOC) and the fill factor (FF). These represent key parameters for any 
OPV cell.91 
The short-circuit current (JSC) describes the maximum current that can be drawn from 
a solar cell, as measured at zero voltage. It is a measure for the number of generated 
charges and can be affected by the charge separation efficiency or the charge extraction at 
the electrodes. The open-circuit voltage (VOC) is the maximum voltage that can be reached in 
a solar cell a zero current. It is a measure of the electrical potential between the donor and 
acceptor materials which in organic solar cells relates to the energetic off-set between the 
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donor HOMO and the acceptor LUMO. The obtained VOC is lower than the potential of these 
two energy levels due to intrinsic losses (Figure 1.13).92 
 
Figure 1.13 - Schematic representation of the energy levels in a solar cell with VOC highlighted. 
Both JSC and VOC describe the maximum current and voltage a solar cell can achieve at 
zero power output. An operating solar cell, i.e. one that is providing a non-zero power 
output, has an effectively reduced efficiency caused by internal resistance and interface 
losses. The fill factor of a solar cell is the ratio between its maximum effective power output 
(Jeff ∙ Veff) and its ideal power output (JSC ∙ VOC) and represents how well a generated charge 
can be extracted. The highest reported fill factors achieve values of about 0.8 (of a 
theoretical maximum of 1.0).93 Fill factor values can be improved through the careful 
optimisation of the film morphology or the device architecture.94,95 
 Metal-organic complexes and polymers in Organic Electronics 1.5
 
Scheme 1.5 - Ir(ppy)2(acac) complex. 
Metal complexes have been used in Organic Electronics for their unique electronic 
and structural properties. Iridium complexes, for example, have very finely tuneable 
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electrophosphorescent properties and due to the wide range colours they can emit they 
have predominantly been applied in OLED small molecule materials.96,97 The (ppy)2Ir(acac) 
complex (Scheme 1.5) is a prominent example of Ir(III) complexes used as triplet emitters in 
phosphorescent OLEDs; it achieves a high internal quantum efficiency nearing 100 %.98 
Phosphorescent iridium complexes have further been successfully blended with conjugated 
polymer hosts, leading to novel, highly emissive OLED materials.99–101  
 
Scheme 1.6 - Platinum (II) octaethylporphyrin with β- and meso-positions highlighted. 
A common structural motif in the design of organo-metal semiconductors for OPV 
devices are porphyrins. Porphyrins are strong absorbers and exhibit pronounced 
electrophosphorescence (Scheme 1.6).102 They can carry a variety of different metals and 
can be further functionalised via their β- and meso-substituents and have been successfully 
applied in OPV cells as physical blends with semi-conducting polymers.103,104 Special interest 
has also risen due to the potential of porphyrins in creating novel triplet harvesting materials 
in optoelectronic devices.105,106 
 
Scheme 1.7 - Iridium-polymer and nickel porphyrin-oligomer complexes. 
However, physical blends of both the above-mentioned iridium107,108 and platinum 
porphyrin109 complexes often encounter problems such as phase separation between the 
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blend components and overall lower blend film stability. The covalent incorporation of 
heavy metal complexes has been used as an alternative approach to address these issues. 
Covalently bound iridium-polymer complexes (Scheme 1.7) offer improved film stability 
combined while retaining their strong emission tuning potential.110 Iridium-polymer 
complexes have further been applied in the analysis of polymer triplet excited state 
behaviour.111 
Similarly, covalently bound complexes of porphyrins with oligomers and polymers 
have been used to avoid phase separation while at the same time improving light-harvesting 
in OPV devices.112–114 Porphyrin polymer complexes have been shown to give high power 
conversion efficiencies and improved hole mobilities.115,116 The compatibility of porphyrins 
with a large number of different polymers makes them an ideal synthetic building block for 
the incorporation of heavy metal complexes into semi-conducting polymers.59,117–119 
1.5.1 Porphyrin syntheses 
 
Scheme 1.8 - MacDonald synthesis of a linearly substituted porphyrin. 
The MacDonald synthesis of porphyrins was first presented in 1960 and has since 
been the gold standard of porphyrin synthesis.120,121 Over the years it has been used for a 
large number of porphyrins with different structures and symmetries (Scheme 1.8).122 The 
MacDonald reaction starts from pyrrole carboxylic acid esters (i) which are reacted with 
arylic aldehydes to give the dipyrromethane derivatives (ii). These acid esters are then 
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reduced into the unsubstituted (iii) and aldehyde-bearing dipyrromethanes (iv). Lastly, these 
compounds are reacted to form the final porphyrin (v). 
The porphyrin formation usually takes places in a two-step reaction: the ring-
formation at low concentration levels in a chlorinated solvent creates the porphyrinogen 
which is subsequently aromatised to the respective porphyrin by the addition of an oxidising 
agent, often 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ); the resulting freebase 
porphyrin can then be complexed with a metal of choice, leading to trans-A2B2 
metalloporphyrins, i.e. porphyrins with differing substituents in the 5,15- and 10,20-meso 
positions. 
 
Scheme 1.9 - Porphyrin synthesis following the Lindsey conditions. 
Lindsey et al. extensively studied porphyrin syntheses and their adapted pathway 
resulted in a much reduced synthetic effort while maintaining good control over the 
porphyrin substitution pattern (Scheme 1.9).123–125 Here, the unsubstituted pyrrole (i) is 
reacted with an arylic aldehyde to give the aryldipyrromethane (ii) using BF3∙OEt2 as Lewis-
catalyst. The dipyrromethane itself reacts with a second arylic aldehyde to give the 
porphyrin (iii). 
 
Scheme 1.10 - Synthesis of a tetrabenzoporphyrin with linear substitution pattern. 
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Filatov et al. adapted the MacDonald pathway for the synthesis of 
tetrabenzoporphyrins in 2008 but crucially omitted the dipyrromethane-dialdehyde 
intermediate (Scheme 1.10). The reaction starts from the hydrogenated isoindole 
derivative (i) which is reacted to the dipyrromethane carboxylic acid ester (ii). 
Decarboxalytion leads to the key compound, the unsubstituted dipyrromethane (iii) which is 
then reacted with an aldehyde to form porphyrin (iv), here closely following the Lindsey 
approach. In a subsequent oxidation the final tetrabenzoporphyrin (v) is afforded. Compared 
to the classic MacDonald synthesis this approach has the advantage of an overall shorter 
synthesis pathway and results in much higher yields.126 
The reaction can be conducted using both dihydro and tetrahydro isoindoles, with 
both giving comparable yields. However, the synthesis of dihydroisoindoles requires the use 
of gaseous butadiene under pressure, making the preparative work cumbersome; in this 
work, tetrahydroisoindoles were therefore preferred. 
Similarly to the regular porphyrin synthesis, the formation of tetrabenzoporphyrins 
allows for the introduction of a wide range of meso-substituents, including functionalised 
arylic compounds, soluble side-chains or even unsubstituted meso-positions.126 The variety 
of substituents that can be introduced to the porphyrins via the dipyrromethane 
intermediates gives flexibility to the creation of porphyrins for the covalent incorporation 
into the polymer backbone. 
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  Chapter 2
 
 
 
 
 
Effect of porphyrin incorporation 
on polymer morphology 
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 Introduction  2.1
2.1.1 Morphology 
Morphology characterises the supra-molecular structure of a polymer, i.e. its bulk 
properties, such as: form, size and orientation. Thin-film morphology is arguably one of the 
biggest factors in determining device efficiency for any organic electronic device and 
morphology control has been achieved using many different techniques, e.g. through the 
use of solvent additives127,128, dopants25, thermal and solvent annealing129–132 or even the 
optimisation of processing parameters.133,134 
In OFETs, highly crystalline polymer domains are preferred due to vastly improved 
charge transport properties when compared to the amorphous regions. Therefore, 
polythiophene polymers are a much studied class of polymers due to the wide range of 
morphologies they can span. 
PBTTT is one well-studied example that can take on a wide range of morphologies. 
The crystalline state of PBTTT is characterised by a close π-stacking of the polymer strands 
that leads to the formation of sheet-like lamellae (Figure 2.1). These lamellae have been 
shown to stack in two different orientations relative to the surface - in an edge-on and a 
face-on orientation.135 
 
Figure 2.1 - Edge-on and face-on stacking of PBTTT polymer strands. 
However, PBTTT has also been fabricated in a wide range of morphologies, from crystalline 
to semi-crystalline and even amorphous structures, and these seemingly slight variations 
majorly influence the bulk structural and electronic properties.136–138 This provides a huge 
potential for the control of the polymer morphology which has been used to increase OFET 
mobilities by up to five orders of magnitude.70 
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Morphology can also more fundamentally be controlled by design, i.e. through 
choosing the right parameters for a polymer in the design stage and during the synthesis. 
This can be achieved by adjusting the conditions during polymerisation or by engineering the 
polymer structural motifs.139 
Alkyl chain modifications are a popular example of how a given polymer structural 
motif can be improved upon. Alkyl chains generally act as solubilising groups for conjugated 
polymers but can also be used to achieve more crystalline morphologies and improved 
device mobilities. This can be accomplished by variation of the chain length but also by the 
choice of linear or branched alkyl chains.140–143 
Further control over the morphology can be gained by controlling the polymer 
molecular weight which can also have a major influence on the bulk properties in OFET 
applications.138 On the one hand, studies on polythiophene polymers have correlated high 
molecular weights with high charge carrier mobilities.144 This is due to the much better 
innate morphology of the high molecular weight polymer batches. On the other hand, low-
molecular weight fractions have shown a much better response to morphology control, 
leading to much higher relative gains in charge carrier mobilities.138,145 To this aim, Kline et 
al. managed to increase the mobilities of P3HT in the sub-25kDa range by the factor 100 
through thermal annealing.146 These examples show that morphology control can be used to 
improve polymer properties in many different ways, which is very useful in the cases where 
certain parameters might be restricted. 
2.1.2 rr-P3HT 
 
Scheme 2.1 - Hexylthiophene with carbon atom numbering. 
Among the polythiophene polymers a lot of research has specifically investigated 
creating a better understanding of rr-P3HT thin film morphology, with a strong focus on its 
charge transport characteristics. 3-Hexylthiopene molecules and their derivatives 
preferentially form bonds in the 2- and 5-positions (Scheme 2.1). The alkyl chain in the 3-
position makes the thiophene asymmetric; consequently, the side including the 2- and 3-
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positions is therefore often labelled as the “head” (H), and the side with the 4- and 5-
positions as the “tail” (T).147 For the bonding between two thiophene monomers there are 
three possible combinations: HH, HT and TT. 
Regioregular poly-3-hexylthiophene is characterised by its high percentage (>90%) of 
HT-bonding within the polymer chain, differentiating it from regiorandom P3HT (rra-P3HT) 
which has an increased percentage of HH and TT bonds. Regioregular P3HT (rr-P3HT) is a 
versatile polymer commonly used in Organic Electronics and it can adopt planar, low energy 
conformations. This enables an extended π-conjugation and leads to crystalline properties 
and lamellar structures that are very comparable to those found in PBTTT.148,149  
Ever since its first use for organic electronic applications P3HT has therefore turned 
into the gold standard of semi-conducting polymers.150 Partly, this is due to its relatively long 
history in Organic Electronics, but partly also for its preferential properties such as good 
solubility, scalability and semi-conducting properties. Lastly, it is often favoured for the fine 
control that can be exerted over its morphology.149,151–153 
rr-P3HT can be readily synthesised using a variety of different polymerisation 
techniques, such as Stille-154, Suzuki-155 and Kumada-type35 cross-coupling polymerisations. 
Despite the wealth of information on P3HT morphology control, the question of how and 
why a slight difference in molecular structure or molecular weight will affect a polymer is a 
very complex one and varies for each case individually. Consequently, finding the right 
design and processing parameters and achieving optimal morphology depends, still and to a 
large degree, on trial and error.153,156,157 
The work presented in this chapter therefore aims at determining the use of design-
led morphology control in the improvement of the P3HT polymer bulk properties in organic 
electronic devices. 
 Research Plan 2.2
Since the planarity of the polymer backbone is the key to the semi-conducting 
properties of rr-P3HT and to its morphology the incorporation of planar directing groups as a 
core in P3HT is of particular interest in improving thin film crystallinity and other packing 
effects. Stille cross-coupling polymerisation has proven a reliable polymerisation method 
that leads to good yields and high molecular weights. It was therefore chosen as the 
polymerisation method for the synthesis of P3HT. 
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Figure 2.2 - Stacking of linear and star-shaped polymers (red) with structurally directing porphyrins (blue). 
In order to achieve planarity in the copolymers, a strongly π-stacking, two-
dimensional core is necessary to induce optimal π-stacking on the polymer. Since physical 
polymer-small molecule blends tend to aggregate and consequentially give little control over 
the π−stacking, this core unit needs to be covalently incorporated into the polymer 
backbone.103,104 Furthermore, it should allow for linear and star-shaped substitution patterns 
for comparison and better differentiation of the morphological effects (Figure 2.2). 
2.2.1 Grafting and growing polymers 
 
Figure 2.3 - “Grafting from” and “grafting to” mechanism encountered in polymer growth reactions. 
Fundamentally, there are two ways to synthesise polymers that contain interspersed 
repeat units with particular functionality – through polymer grafting and through polymer 
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chain growth. Polymer grafting is commonly used to functionalise a polymer backbone with 
other polymeric side-chains (Figure 2.3). The advantage of grafting reactions is that the 
polymer backbone and the polymer branches can be made up from different polymeric 
structures.  
The “grafting-from” method is applied in polymerisations by including a specified 
amount of initiating repeat units in the polymer backbone. These sites start additional 
polymerisation reactions, forming the branched chains of the final polymer. Grafting-from 
mechanisms work best in radical158, anionic159 or cationic160 polymerisations. 
The “grafting-to” method can be described as a post-functionalisation of a polymer 
unit. Here, active sites are incorporated into the polymer backbone and pre-formed polymer 
branches are then anchored onto the backbone. This method works best via click-type 
chemistry and is therefore limited to a few functional groups only.161 
 
Figure 2.4 - Representation of polymer chain growth that incorporates different structurally directing co-monomers. 
The more conventional polymer chain growth can be achieved through 
copolymerisation of different monomers by the same catalyst. Both monomers can, in 
theory, act as both the initiating monomer and the chain-increasing entity. Chain growth 
copolymerisation is often used in Organic Electronics to synthesise linear copolymers.53,162,163 
However, by using monomers that carry multiple functional groups polymerisation more 
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complex two-dimensional structures, such as star-shaped polymers, can also be achieved 
(Figure 2.4).35,131 
2.2.2 Material requirements 
Porphyrins have strong stacking properties due to their planarity and extended π–
system and they have been used to control aggregation behaviour and ultimately bulk 
morphology.164 Through the use of multiple functionalisations, porphyrins can also be used 
as star-shaped structurally directing agents that form extended two-dimensional organic 
networks.165 As an added benefit, a wide variety of porphyrin metal complexes have been 
reported, giving the option of electronically modifying the core incorporated in the polymer. 
Acceptor sites have been shown to have a beneficial impact on OFET performance; the 
increased acceptor nature of porphyrins after metal complexation therefore offered an 
added interest to the use of metal porphyrins in the semiconductor bulk.166  
Stille cross-coupling reactions start with the oxidative addition of a carbon-bromide 
bond to the Palladium-catalyst, so either the porphyrin or the thiophene co-monomer can 
be activated prior to the transmetallation step. To achieve this, either a bromine- or a tin-
bearing functionalisation is needed for the porphyrins. Since porphyrin chemistry tends to 
result in low yields porphyrins were designed with bromine-substituents, making the 
synthesis pathway as short as possible. Further functionalisation of the porphyrins via 
stannylation was therefore not considered and it was decided to place the tin groups on the 
thiophene monomers instead. 
 
Scheme 2.2 - Proposed linear (trans-A2B2) and star-shaped (A4) platinum porphyrin co-monomers; Ar: aryl, X: halide. 
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For this study two classes of platinum porphyrins were chosen: A2B2-type porphyrins 
with a two-fold symmetry (C2h point group) and A4-type porphyrins with a four-fold 
symmetry (C4h point group), leading to linear and star-shaped substitution patterns, 
respectively (Scheme 2.2). Porphyrins are well-known for their stacking properties and were 
expected to lead to polymer aggregation beyond a critical concentration within the polymer 
bulk. Consequently, the difference in structure was chosen to aid the determination of the 
porphyrins’ nucleation properties as well as to add leeway to the synthesis at low porphyrin 
concentrations. 
 
Scheme 2.3 - Proposed stannylated hexylthiophene monomer for use in Stille reactions; X: halide. 
For the 3-hexylthiophene monomer mono-stannylation was considered which would 
guarantee a high excess in tin groups and hopefully lead to a complete consumption of the 
porphyrins (Scheme 2.3). Ultimately, thiophene monomers would react with each other in a 
series of condensation reactions, while porphyrins would act as end-capping agents. 
Consequently, polymer growth would stop as soon as a nascent chain reacts with a 
porphyrin molecule. 
In conclusion, the aim of the work presented in this chapter is to covalently 
incorporate metal porphyrins into the rr-P3HT backbone by copolymerisation in order to 
impart the porphyrin π-stacking properties onto the resulting copolymers. 
  
 
41 
 Synthesis 2.3
2.3.1 Porphyrin synthesis 
 D4h 2.3.1.1
For the star-shaped porphyrin two versions were synthesised, the non-brominated 
tetraphenylporphyrin and the substituted tetrakis(bromophenyl)porphyrin, to allow for a 
comparative analysis. 
 
Scheme 2.4 - Synthesis of platinum (II) tetraphenylporphyrin. 
In a first step the freebase tetraphenylporphyrin 2.3 was synthesised in a one-step 
reaction step from equimolar quantities of pyrrole 2.1 and benzaldehyde 2.2 in propionic 
acid under reflux conditions for 30 min (Scheme 2.4). The crude product was filtered off, 
washed with MeOH and purified using a short alumina column with DCM as eluent, yielding 
a purple powder (1.36 g, 8 %). 
The yields for porphyrin syntheses are well-documented as being rather low due to 
the competition between ring closing mechanism and the potential (linear) side-products, 
such as oligopyrrols.167 Porphyrin formation therefore always takes places in low-
concentration reaction solutions. In this work yields of ~10 % could typically be reached for 
the porphyrin formation step by carefully adjusting the concentrations and by guaranteeing 
oxygen-free conditions. 
This value is in very good agreement with literature yields. The successful synthesis of 
2.3 was verified by NMR and UV-Vis spectroscopy. In the 1H NMR spectrum all peaks could 
be attributed to the corresponding porphyrin hydrogen atoms. It is worth highlighting the 
peak at -2.78ppm which represents the inner, pyrrolic protons which experience a high-field 
shift typical for porphyrins.  
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Figure 2.5 - UV-Vis absorption spectra of freebase and platinated tetraphenylporphyrin (chlorobenzene solution). 
The UV-Vis spectra of 2.3 (Figure 2.5, black) show the typical porphyrin absorption 
profile of freebase porphyrin, with the Soret band at 420 nm and the four Q-bands between 
500 and 700 nm. The complexation of 2.3 with platinum (II) chloride in benzonitrile under 
reflux afforded platinum (II) tetraphenylporphyrin 2.4 as an orange powder in 37 % yield. 
Completion of the reaction was determined by the disappearance of the 1H NMR signal in 
the negative regime and the disappearance of two of the four Q-bands (Figure 2.5), both 
indicating the replacement of the inner pyrrole hydrogen atoms. 
 
Table 2.1 - Porphyrin (starshaped) absorption maxima (chlorobenzene solution). 
 2.3 2.4 2.6 2.7 
λmax 420 nm 403 nm 422 nm 405 nm 
 
Complexation of the porphyrin with a platinum (II) ion significantly changes the 
porphyrin absorption maximum, as can be seen by the blueshift of the Soret band by 17 nm 
(Table 2.1). 
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Scheme 2.5 - Synthesis of platinum (II) tetrakis(bromophenyl)porphyrins. 
The tetrakis(bromophenyl)porphyrin 2.7 was synthesised analogously to the non-
brominated porphyrin 2.4. 4-bromophenylaldehyde 2.5 was converted to give the freebase 
porphyrin 2.6 as a purple powder in a 18 % yield.  
 
Figure 2.6 - UV-Vis absorption spectra of freebase and platinated tetra(bromophenyl)porphyrin (chlorobenzene solution). 
Subsequent complexation with platinum chloride afforded 2.7 as an easily 
distinguishable orange powder. Overall, the yields and spectroscopic features were very 
comparable to that encountered in the synthesis of platinum (II) tetraphenylporphyrin 2.4 – 
with only minor shifts in UV-Vis absorption compared to the non-halogenated porphyrins 
(Figure 2.6, Table 2.1). 
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 D2h 2.3.1.2
The choice of the right aryl substituent highlights a very important question: A2B2-
type porphyrins are known to be susceptible to porphyrin scrambling, where an exchange of 
substituents can take place on the same porphyrin molecule during its ring formation.123,126 
Since the ultimate goal is the reproducible synthesis of a copolymer, only a number of 
potential candidates are available for porphyrin substitution. The initial attempts therefore 
aimed at synthesising porphyrins with unsubstituted 10- and 20-meso-positions which would 
give a porphyrin relatively small size compared to its co-monomer (Scheme 2.6). 
 
Scheme 2.6 - Synthesis of 5,15-bisaryl-porphyrins. 
The synthesis of unsubstituted dipyrromethane 2.8 followed a literature procedure 
by reacting pyrrole 2.1 with p-formaldehyde and catalytic amounts of TFA.123 The obtained 
dipyrromethane 2.8 was then reacted with 4-bromophenylaldehyde 2.5 in DCM, using TFA 
as catalyst. This was followed by a further step using the oxidising agent DDQ. However, the 
reaction didn’t go to completion and 5,15-bis(bromophenyl)porphyrin 2.9 couldn’t be 
obtained. This was likely due to solubility problems with 2.9, caused by the rigid porphyrin 
core. To improve solubility the substituents were replaced. Halogenated aromatic systems 
are known to be less soluble than their halogen-free counterparts, so the halogen-free 5,15-
diphenylporphyrin 2.10 was synthesised from the dipyrromethane 2.8 and the 
phenylaldehyde 2.2 in a test run, yielding the product as a purple solid. However, the 
synthetic yields for 2.10 were so low that additional, differently substituted 
dipyrromethanes were looked into in order to achieve a higher porphyrin solubility. 
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Scheme 2.7 - Synthesis of platinum (II) 5,15-dimesityl-10,20-bis(bromophenyl)porphyrin. 
Mesityl groups have been shown to work as reliable neutral substituents and were 
chosen for their improved solubility and high scrambling resistance.123 The linearly 
substituted platinum (II) 5,15-dimesityl-10,20-bis(bromophenyl)porphyrin 2.14 was 
synthesised in a three-step reaction, following established literature procedures (Scheme 
2.7).123,136,168 The synthesis of mesityldipyrromethane 2.12 was conducted using pyrrole 2.1 
as solvent, to which mesitylaldehyde 2.11 and the catalyst MgBr2 were added. The reaction 
was stirred at room temperature for 1.5 h, resulting in a white, sheet-like solid. The 
formation of the freebase porphyrin 2.13 was conducted under identical conditions to that 
of the previous, unsubstituted porphyrins 2.9 and 2.10; however, the freebase porphyrin 
2.13 was afforded in a much higher yield. Subsequent complexation of the platinum (II) ion 
afforded the final porphyrin 2.14 in decent yields (60 mg, 24%).  
Considering the low molar ratio of porphyrins used in the final copolymerisation, this 
reaction was efficient enough to provide the amount of porphyrin needed. Porphyrin 
synthesis could be conducted in both DCM and chloroform interchangeably; however, for 
synthesis in chloroform it proved crucial to assure that a certain amount of EtOH was 
present in the solvent. Absence of EtOH in chloroform, e.g. in anhydrous chloroform using 
amylene over EtOH as a stabiliser, would inhibit the reaction.123  
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Figure 2.7 - UV-Vis absorption spectra of freebase and platinated dimesitylbis(bromophenyl)porphyrin (chlorobenzene 
solution). 
The 5,15-dimesitylmesitylporphyrins also achieve an optimal solubility: They are 
soluble enough for their synthesis to work well as well as for the later incorporation into the 
copolymer; at the same time, their solubility is not too high which allows for a speedy work-
up. Freebase and metallated mesitylporphyrins 2.13 and 2.14 could be obtained in high 
purity by washing out the undesired side-products with cold methanol, thereby removing 
the need for column chromatography altogether and speeding up the synthesis enormously. 
 
Table 2.2 – Porphyrin (linear) absorption maxima (chlorobenzene solution). 
 2.13 2.14 
λmax 420 nm 403 nm 
 
The UV-Vis spectra for the freebase and platinum-complexed porphyrin (Figure 2.7, 
Table 2.2) were very comparable to the spectra of porphyrins with fourfold symmetry 
(Figure 2.5, Figure 2.6). This is not surprising, as the electronic features of porphyrins are 
determined by its core ring; aromatic meso-substituents are known to twist out of plane and 
do not contribute to the porphyrins π-system.169 
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2.3.2 rr-P3HT homopolymer 
 
Scheme 2.8 - Synthesis of 2-bromo-5-trimethylstannyl-3-hexylthiophene. 
2-Bromo-3-hexylthiophene 2.15 was deprotonated with LDA in anhydrous THF and 
subsequently reacted with trimethyltin chloride, yielding the monostannylated 2-bromo-5-
trimethylstannyl-3-hexylthiophene 2.16 (Scheme 2.8). Successful synthesis was verified by 
NMR spectroscopy and the polymers were further analysed by GPC (Table 2.3), giving 
molecular weights of MN = 31.5 kg/mol and MW = 78.2 kg/mol and a PDI of 2.48. 
S Br
C6H13
Me3Sn
S
C6H13
Pd(PPh3)4,
 
DMF, 95 °C
(45 %)2.16 2.17  
Scheme 2.9 - Stille polymerisation of rr-P3HT. 
 
Figure 2.8 – Sections of the rr-P3HT 1H NMR spectra showing the prominent aromatic (left) and aliphatic first side-chain 
protons (right); the overlaid molecular structure shows the 1H NMR shifts (grey, in ppm). 
Stille polymerisation of 2.16 followed an adapted literature procedure and was 
conducted in DMF at 95 °C with Pd(PPh3)4 as a catalyst (Scheme 2.9).154 Highly regioregular 
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(rr = 92 %) rr-P3HT 2.17 was afforded as the product. Regioregularity was determined by 
1H NMR (Figure 2.8). The aromatic thiophene proton (7.00 ppm) and the first CH2-group 
(2.80 ppm) are susceptible to the local differences in chemical environment present 
between regioregular and regiorandom parts of the polymer. 
Next to the prominent signals, which stem from HT coupling of the repeat units, 
broad signals with a lesser intensity can be seen. These signals belong to the HH and TT-
coupled repeat units in the polymer chain. The overall regioregularity is determined by the 
ratio between the integrals of the two groups. The molecular weights and polydispersities 
were very comparable to those of the homopolymer (Table 2.3). 
2.3.3 rr-P3HT-porphyrin copolymers 
 
Scheme 2.10 - Stille polymerisation of the porphyrin-bearing linear P3HT-copolymer. 
The syntheses of the porphyrin-bearing P3HT copolymers 2.18 and 2.19 were 
conducted under identical conditions to the homopolymer (Scheme 2.10). To this end, linear 
platinum porphyrin 2.14 (0.003 mol-%) and 2-bromo-5-trimethylstannyl-3-hexylthiophene 
2.16 were used in a Stille copolymerisation reaction, yielding the crude polymer 2.18. 
Soxhlet extraction (acetone, hexane, chloroform) was used to isolate the product as red 
flakes in 50 % yield. 
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Scheme 2.11 - Stille polymerisation of the porphyrin-bearing star-shaped P3HT-copolymer. 
The star-shaped polymer 2.19 was synthesised in a similar fashion by reacting the 
hexylthiophene monomer 2.16 with the star-shaped platinum porphyrin 2.7 (0.003 mol-%), 
affording 2.19 in 45 % yield after purification (Scheme 2.11). 
 Analysis 2.4
2.4.1 Physical properties and spectroscopic analysis  
The polymers obtained after work-up are very comparable to rr-P3HT in molecular 
weight and polydispersity (Table 2.3). 
 
Table 2.3 - Summary of physical properties of the rr-P3HT polymers. 
 MN MW PDI rr Feed ratio Incorporation ratio 
[weight-%] [mol-%] [weight-%] 
2.17 31.5 78.2 2.48 92 % -- -- -- 
2.18 35.8 85.0 2.37 92 % 0.02 0.1 0.5 
2.19 24.3 71.7 2.95 92 % 0.02 0.1 0.5 
 
The incorporation ratio of porphyrin was determined by 1H NMR to be approximately 
0.5 % by weight (0.1 mol-%) for 2.18. The regioregularity was determined using 1H NMR 
spectroscopy and found to be identical to 2.19 at 92 %. The molecular weight was high and 
very comparable. 
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Figure 2.9 – 1H NMR spectra of the linear porphyrin-P3HT copolymer (above) and spectral overlay of the polymer (red) 
and the porphyrin starting material (blue). 
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The incorporation of the free porphyrin 2.14 into the porphyrin-bearing polymer 2.18 
could be shown after purification using 1H NMR, indicating a complete absence of the 
starting material (Figure 2.9). The polymer 2.18 shows a typical polymeric thiophene proton 
signal at 6.98 ppm. Smaller signals at 8.78, 8.63 and 8.19 ppm can be attributed to the 
covalently incorporated porphyrin. The integrals are comparatively small which is in good 
agreement with the low feed ratio of 0.003 mol-% of free porphyrin in the reaction. The 1H 
NMR spectra of the free porphyrin 2.14 was compared and showed two double-doublets at 
7.94 and 8.65 ppm, indicating that the soxhlet extraction process removed any excess free 
porphyrin from the final polymer material. The integrals of the porphyrin pyrrolic proton 
signals were then used to determine the porphyrin incorporation ratio (Table 2.3). 
The analysis of the star-shaped porphyrin-bearing polymer 2.19 showed a slightly 
reduced molecular weight as well as an increased PDI. One possible explanation for the 
reduced molecular weight is a change in solubility. With the linear porphyrin 2.18 mesityl 
groups were chosen to explicitly increase polymer solubility. Conversely, with the star-
shaped porphyrin 2.19 the bromophenyl groups might have a significant impact on the 
solubility of polymer intermediates and final polymers. The slightly higher polydispersity 
index of 2.19 is most likely due to its more extensive two-dimensional geometry and 
consequently its higher hydrodynamic volume during the GPC measurement. Regioregularity 
and incorporation ratios were determined by 1H NMR using the same procedure as for 2.17 
and 2.18. 
To confirm the complete covalent incorporation, GPC studies were conducted, 
comparing the copolymers 2.18 and 2.19 against physical blends of the neat rr-P3HT 
polymer with the respective porphyrin co-monomers 2.14 and 2.7 (Appendix A). All 
polymers show retention times between 14.6 and 14.8 min while the much smaller 
porphyrins show up as a separate band at a much later time (19.3–19.6 min). The lack of 
these porphyrin signals in the novel polymer samples can be seen as further proof that the 
polymer samples contain no free porphyrin. 
MALDI-TOF analysis of the polymers was conducted but didn’t provide much insight 
into the samples. All peaks detected were in the lower molecular weight fraction. The 
limitation of the signals to the regime below m/z = 8k (~48 repeat units) for mass spec 
analysis of P3HT is well within the range experienced for many polymers. For all polymers 
only low-molecular weight peaks corresponding to the neat polymer 2.17 could be found. 
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Due to the low amount of porphyrins used in the reaction (0.003 mol-%) a majority of neat 
rr-P3HT polymer strands is to be expected in the sample. The MALDI-TOF findings therefore 
likely stem either from the low concentration of 2.18 and 2.19 within the polymer sample or 
from their low tendency to ionise and desorb during measurement, potentially due to the 
increased aggregation exhibited by porphyrin molecules. 
2.4.2 Optical properties and computational analysis 
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Figure 2.10 - Solution and thin film UV-Vis absorption spectra for rr-P3HT. 
The UV-Vis spectra of rr-P3HT (Figure 2.10) are in very good agreement with 
literature reports.154 Solution samples were measured using chlorobenzene as a solvent and 
thin films were prepared by spin-coating a sample solution in chlorobenzene (5 mg/ml, 
1000 rpm, 1 min) onto glass substrates. The solution spectrum shows an absorption 
maximum of 447 nm. In contrast, the thin film absorption profile (Table 2.4) shows one 
absorption maximum (554 nm) and two shoulders (526 nm, 596 nm). 
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Figure 2.11 - UV-Vis absorption spectra for the linear (left) and star-shaped (right) porphyrin-P3HT copolymers. 
These different absorption wavelengths could stem either from differing local 
environments in the solid state bulk or – considering the PDI of 2.48 – from the different 
chain lengths present in the polymer bulk. Both would explain the difference in effective 
conjugation length and of the fine structure observed in the UV-Vis spectra (Figure 2.10). 
The UV-Vis absorption spectra of the porphyrin-bearing polymers 2.18 and 2.19 are very 
comparable to use of neat P3HT. An additional feature can be seen at ~400 nm which 
represents the absorption of the incorporated porphyrin. 
 
Table 2.4 - UV-Vis absorption properties (thin film). 
 lmax (lshoulder) lonset ∆opt 
2.17 554 nm (526 nm, 596 nm) 650 nm 1.91 eV 
2.18 525 nm (553 nm, 602 nm) 651 nm 1.90 eV 
2.19 526 nm, (548 nm, 601 nm) 654 nm 1.89 eV 
 
DFT calculations of the polymers were performed in Gaussian09 using the B3LYP 
functional and 6-31G(d,p) basis set. All polymers were modelled based on the P3HT 
dodecamer and the linear and star-shaped porphyrins were modelled using thiophene 
hexamers as polymer arms; platinum was parametrised using the LANL2DZ basis set. Alkyl 
chains were approximated using methyl groups to reduce computational demand. The 
minimum energy conformations were determined by geometry optimisation and their 
excitation energies calculated using TDDFT. 
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Figure 2.12 - LUMO (above) and HOMO (below) of rr-P3HT. 
For rr-P3HT the characteristic planar geometry was obtained, enabling an extended 
π-conjugation across the frontier molecular orbitals (Figure 2.12). The LUMO nicely shows 
the respective quinoidal contribution. The energetic values (Table 2.5) are in good 
agreement with the optical measurements, with a calculated vertical excitation for 2.17 of 
2.00 eV being very close to the optical bandgap at 1.92 eV, as determined by UV-Vis 
measurement. 
 
 
Figure 2.13 - LUMO (above) and HOMO (below) of the linear copolymer. 
For the polymer models 2.18 (Figure 2.13) and 2.19 (Figure 2.14) the HOMOs are 
localised on the P3HT “arms” while the LUMOs reside on the porphyrins. This is in very good 
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agreement with the expected behaviour of P3HT as a donor polymer and of porphyrins as 
weak acceptors. 
 
Figure 2.14 - HOMO (left) and LUMO (right) of the starshaped copolymer. 
The calculated energy levels for the frontier molecular orbitals are comparable for all 
three polymers (Table 2.5). The HOMO energy levels are lower-lying for both the linear and 
star-shaped polymers 2.18 and 2.19 than for the neat thiophene dodecamer 2.17 which is a 
direct result of the platinum porphyrin’s nature as acceptor. Similarly, the calculated 
bandgap decreases by 0.1 eV for 2.18 and by 0.2 eV for 2.19 when compared to neat 2.17, 
due to the donor-acceptor-type structure of these copolymers. 
 
Table 2.5 - Optical properties computed using DFT. 
 LUMO [eV] HOMO [eV] S0-S1 [eV] 
2.17 -2.19 -4.50 2.00 
2.18 -2.20 -4.61 1.90 
2.19 -2.24 -4.62 1.81 
 
Analysis of the orbitals participating in the excitation show an increasing contribution 
from occupied orbitals on the polymer backbone to unoccupied orbitals on the platinum 
porphyrin ring, supporting the model of donor-acceptor interaction (Appendix E).  
It is worth noting that in the synthesis of the copolymers 2.18 and 2.19 the 
homopolymer 2.17 is also created – likely to a major degree. While it is not possible to 
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determine how large a fraction the porphyrin-bearing polymer strands make up in the 
polymer bulk, they likely influence the obtained bulk experimentally data. Nevertheless, the 
computational analysis of the isolated molecules gives a good insight into the electronic 
structure of the three different polymers. 
2.4.3 OFET 
 
Figure 2.15 - Transfer and output characteristics of BGBC OFETs; measurements were conducted  
by the Thomas Anthopoulos group. 
OFET devices were fabricated from all three polymers in a bottom-gate bottom-
contact (BGBC) architecture and device annealing was conducted at 100, 150 and 200 °C.‡ 
The active material was spin-coated from a chlorobenzene solution onto glass slides at 
                                                     
 
‡ All OFETs were fabricated and measured by Stephan Rossbauer from the Thomas Anthopoulos group. 
 
57 
120 °C and further annealed at 120 °C for 10 min; gold electrodes were deposited and 
subsequently treated with pentafluorobenzenethiol as coating, followed by addition of cyclic 
transparent optical polymer as dielectric. 
For the neat polymer 2.17 mobilities of 2–3 × 10-4cm²/Vs were recorded which is in 
line reported values (Figure 2.15).170 The incorporation of the porphyrin led to an increase in 
field-effect mobility by one order of magnitude in general, and resulted in maximum 
mobilities of 1.0 × 10-3cm²/Vs for 2.18 and 4.0 × 10-3cm²/Vs for 2.19, respectively. These 
mobilities were achieved after annealing at 150 °C. The transfer characteristics (Table 2.6) 
for 2.18 and 2.19 show negative threshold voltages VTh, as opposed to polymer 2.17 which 
displays a positive VTh. The porphyrin-carrying polymers also exhibit moderate hysteresis 
which possibly stems from the presence of trap sites induced by the porphyrin. 
 
Table 2.6 - Effect of annealing on BGBC OFETs. 
 Temp 
[°C] 
VTH 
[V] 
Sat. Mobility 
[cm2/Vs] 
2.17 100 7.20 2.4E-04 
2.17 150 2.63 2.8E-04 
2.17 200 2.57 2.5E-04 
2.18 100 -5.90 1.1E-05 
2.18 150 -12.83 1.0E-03 
2.18 200 -11.08 1.1E-03 
2.19 100 -4.98 2.5E-03 
2.19 150 -8.88 4.0E-03 
2.19 200 -6.30 2.5E-03 
 
The nature of the trap states could not be determined; therefore the presence of 
trap sites could stem both from the direct electronic contributions of the porphyrin states or 
from the porphyrin-induced morphological changes. Morphological defects could, for 
example, appear within the bulk structure through non-optimal stacking or at the interfaces 
through lessened contact of the semiconducting material with the dielectric or the 
electrodes. 
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Figure 2.16 - Transfer and output characteristics of TGBC OFETs; measurements were conducted  
by the Thomas Anthopoulos group. 
DFT calculations have shown that the platinum metal centre contributes strongly to 
both occupied and unoccupied polymer molecular orbitals thus likely introducing new 
electronic states into the polymer bulk electronic structure that could act as traps (Chapter 
2.4.2). 
 
Table 2.7 - Top Gate-Bottom Contact OFETs. 
Sample Ion/Ioff VTH [V] 
Lin. Mobility 
[cm2/Vs] 
Sat. Mobility 
[cm2/Vs] 
2.17 1E4 -75 0.095 0.16 
2.18 1E4 -70 0.07 0.11 
2.19 1E4 -59 0.14 0.22 
 
It is worth noting that the introduction of trap sites can have neutral or even 
beneficial effects for OFET devices and trap sites have been successfully used in lessening 
the injection barrier as well as in improving charge carrier mobilities in OFETs.166,171 OFET 
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mobilities are substantially influenced by the device architecture used; therefore, top-gate 
bottom-contact (TGBC) devices were also fabricated (Figure 2.16). 
Using this alternative architecture led to an increase in threshold voltage to ~70V, a 
value too high to be used in a real-world application (Table 2.7). The linear field-effect 
mobilities were measured to be in the regime of 0.1 cm/Vs, with the saturated mobilities 
lying about 0.05V higher, respectively. However, the differences between the materials are 
likely within the margin of error for measurement. 
2.4.4 XRD 
 
Figure 2.17 - XRD spectra of drop cast thin films. 
To further understand the improved mobilities of the porphyrin-doped polymers in 
the BGBC transistors relative to 2.17, XRD spectra of drop-cast solid-state structures were 
measured to determine the effect of porphyrins on the polymer crystallinity (Figure 2.17). 
Out-of-plane spectra were measured for all polymers; 2.18 and 2.19 revealed very similar 
behaviour to that of neat 2.17, specifically with XRD peaks at 5.4 ° and 10.8 ° (weak) that are 
commonly seen in lamellar structures. Further, the broadness of the (100) lattice peaks is 
near-identical, indicating that the incorporation of the porphyrin subunit does not have an 
effect on the P3HT crystal structure.26,172 
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2.4.5 AFM 
AFM measurements were conducted to further elucidate the morphology of the 
polymer samples (Figure 2.18). The surface of bulk 2.17 proved relatively smooth and 
exhibited the typical nanostructure for regioregular P3HT.172 For the porphyrin-bearing 
polymers the surfaces show significant differences. The overall surface structure of 2.18 is 
largely similar to that of 2.17 but the formation of aggregations can be seen (Figure 2.18). 
 
Figure 2.18 - AFM measurements of the spin coated films; glass substrate, spin-coated  
from chlorobenzene (5 mg/ml, 1000 rpm, 1 min.), scale: 400 nm. 
In contrast, 2.19 showed a more severe aggregation behaviour which led to a 
roughening of the sample surface and a visibly completely different surface morphology 
when compared to 2.17 or 2.18. These features likely stem from by the increased π-stacking 
effects induced by the porphyrin moieties. 
To better understand these findings and to further substantiate that they do not 
come from free – i.e. not covalently bound – porphyrins within the polymer bulk, AFM 
studies were conducted on the physical blends of 2.17 with the linear and starshaped 
porphyrin co-monomers 2.14 and 2.7 (Figure 2.19). Solutions of neat P3HT and the free 
porphyrins were prepared in tetrachlorobenzene, spin-coated onto glass slides and analysed 
using AFM measurements. The images produced showed that the free porphyrins did not 
affect the morphology of 2.17 to any significant degree, especially when seen in direct 
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comparison to the AFM images of 2.18 and 2.19 (Figure 2.18). This shows that the 
incorporation of porphyrins leads to an increase in aggregation. 
 
Figure 2.19 - AFM measurements of rr-P3HT and physical porphyrin/polymer blends; glass substrate, 
spin-coated from chlorobenzene (5 mg/ml, 1000 rpm, 1 min.), scale: 400 nm. 
In conclusion, a direct comparison of a physical blend of the free porphyrins with 
neat 2.17 against the covalently-bound polymers led to very different results. The observed 
modification of the solid-state morphology can furthermore be directly attributed to the 
covalent attachment of the porphyrin to the polymer and is furthermore the sole reason for 
these changes, ultimately leading to semi-conducting materials with heightened OFET 
mobilities. 
2.4.6 BHJ OPV 
BHJ solar cells were prepared from all three polymers in a 
glass/ITO/PEDOT:PSS/Active layer/LiF/Al device architecture.§ The polymer donor and 
PC70BM were dissolved in chlorobenzene solution in a ratio of 1.0 : 0.8 and spin-coated onto 
the substrates. 
rr-P3HT 2.17 was used in a reference solar cell to give a power conversion efficiency 
(PCE) of 3.2 % (annealed); the copolymers 2.18 and 2.19 achieved a slightly lower but very 
                                                     
 
§ All devices were prepared and measured by Raja Shahid Ashraf of the Iain McCulloch group. 
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comparable 2.8 and 2.9 % PCE, respectively (Table 2.8). This minor drop in efficiency for the 
porphyrin-bearing polymers can be ascribed to a lower short circuit current (Figure 2.20). 
 
Figure 2.20 - JV-diagram for polymer solar cells. 
To understand this drop in efficiency and to investigate whether the metallated 
porphyrins might be acting as energetic traps, photoluminescence (PL) spectroscopy was 
carried out on the thin films of 2.18 and 2.19 and the spectra were contrasted with the 
solution absorption spectra of the porphyrins 2.14 and 2.7 (Figure 2.20). Since porphyrins 
and copolymers respectively showed near-identical optical properties a generic 
representation was chosen (Figure 2.21).  
The porphyrin absorption was measured in solution to most closely mimic the low 
porphyrin concentration in the polymer bulk, closely mimicking the low porphyrin-porphyrin 
interaction. The spectra can therefore be used to gain a qualitative understanding of the 
potential polymer-porphyrin interaction. 
Table 2.8 - OPV parameters. 
 Jsc [mA/cm2] Voc [V] FF PCE 
2.17 8.98 0.61 0.59 3.2 % 
2.18 7.96 0.60 0.60 2.8 % 
2.19 8.01 0.61 0.60 2.9 % 
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Both 2.18 and 2.19 show a poor spectral overlap with the porphyrin subunits, 
indicating that a photonic or resonance energy transfer between the two compounds is 
unlikely. The proximity of the platinum atoms to the thiophene atoms on the P3HT polymer 
could theoretically induce an inter-system crossing (ISC) and potentially generate a triplet 
population. However, triplet states in neat 2.17 have been shown to mainly generate via 
relaxation from “hot” excitonic states.173,174 Direct conversion of exited singlet population via 
ISC has not been observed and is likely not the cause for the reduced JSC.  
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Figure 2.21 - Generalised porphyrin absorption (black) and copolymer emission (red). 
One possible explanation for the reduced OPV efficiency of 2.18 and 2.19 would be 
that the copolymers show an increased domain size due to their crystalline properties, 
thereby reducing the surface area for charge separation processes. Studying the 
morphological changes on a microscopic level would, however, require a more in-depth 
study that is beyond the scope of this work. 
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 Conclusion 2.5
This study presented in this chapter reports the covalent incorporation of platinum 
porphyrins into the backbone of highly regioregular P3HT 2.17, successfully synthesising the 
linear 2.18 and starshaped 2.19 porphyrin-P3HT copolymers. 
Porphyrin incorporation had a negligible effect on the polymer weight and solution 
optical properties; however, thin film UV-Vis spectroscopy showed an increased structural 
order in the bulk material. OFET devices were fabricated from all three polymers and 
optimised via annealing. Both 2.18 and 2.19 copolymers (1.0E-03 and 4.0E-03 cm2/Vs) 
outperformed neat 2.17 (2.8E-04 cm²/Vs), showing improvements in charge carrier 
mobilities of one order of magnitude even when comparing with literature data.175 
BHJ devices were also fabricated and porphyrin proved to have minimal influence on 
the performance. The thin film properties of the copolymers were then further examined 
using XRD and AFM, proving that – while the overall crystallinity remained unchanged – the 
incorporation of porphyrin improved polymer aggregation. It is apparent that these 
structural improvements stem from the covalently-linked porphyrins that induce the 
heightened stacking abilities on the P3HT copolymers. 
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  Chapter 3
 
 
 
 
 
Triplet-sensitisation of 
semi-conducting polymers 
  
 
66 
 Introduction 3.1
Excitons are photoexcited states with electron-hole interactions. This exchange 
interaction gives the exciton a total spin quantum number of zero (singlet) or one (triplet) 
(Figure 3.1). The interaction between electron and hole results in a strong exciton binding 
energy of 0.3-0.5 eV for singlet excitons.61–63 In comparison, triplet excitons show a reduced 
electron exchange and their binding energy is further increased by about 0.7-
1.0 eV.66,67,176,177 
 
Figure 3.1 - Energetic representation of the electronic ground state and the singlet and triplet excitons. 
Both species behave fundamentally differently, with the most prominent difference 
in properties found in the electronic structure and lifetime. Singlet excitons are formed by 
photoexcitation or by electron injection and they have a lifetime in the range of picoseconds 
to nanoseconds since they usually decay via fluorescence. Singlet excitons are therefore 
used for light emission in OLEDs or can alternatively be extracted for charge generation in 
OPV devices. 
In contrast, the photoexcitation of electrons into triplet-excited states is spin-
forbidden, due to the symmetry of their spin wavefunctions. Triplet states in semiconducting 
systems can be accessed in two ways: through generation from spin-unpaired charges or 
through ISC. OLEDs are the prominent example for the former where the injection of spin-
unpaired charges into the semiconductor leads to the generation of a statistical 3:1 ratio of 
triplet and singlet excitons. ISC can be used to induce triplet sensitisation on the 
semiconducting material itself, i.e. by converting the excited singlet population into the 
triplet manifold via the spin-orbit-coupling effect of higher homologues (e.g. S, Se) or heavy 
metals. 
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For triplet excitons the only means of radiative decay is via spin-forbidden 
phosphorescence. The much reduced likelihood of radiative deactivation pathway occurring 
after a break in symmetry leads to the much increased triplet state lifetimes in the range of 
microseconds. Only when the symmetry of the triplet wave function is temporarily broken, 
e.g. through a twist in the molecular structure, can phosphorescence take place. 
Triplet excitons also have a lower energetic level than singlet excitons since they do 
not experience Pauli repulsion and in organic semi-conductors the triplet exciton is often 
assumed to be about 0.7 eV lower in energy than the singlet exciton; this is also known as 
the singlet-triplet energy gap ΔEST.178 This value originates from a well-received study 
conducted by Köhler et al. in 2001 on a series of platinum acetylene- and PPE-based 
polymers which found (ΔEST) to be constant within the series.66 Monkman et al. conducted 
similar polymer studies on a wide variety of structural motifs, such as polythiophenes, 
polypyridines and PPV polymers.67,177 The data showed that for many of the polymers 
analysed the observation of ΔEST ≈ 0.7 eV held true, however a significant number of 
polymers deviated from this rule. The value of ΔEST further seems to not directly depend on 
the polymer structural motif itself but rather on the number of repeat units. Conjugation 
length can be limited by twists in the polymer backbone from high torsion angles between 
the repeat units. The most strongly contributing factor to the singlet-triplet splitting is the 
electron-hole exchange interaction which is mainly determined by their average separation 
and thereby indirectly by the molecular structure of the polymer.179 This indirect influence of 
the polymer structure and of the side-chains on the exciton delocalisation highlights a 
sensitivity of the excited states to electronic and morphological influences that has not yet 
been entirely understood. 
If one considers the difficulty in experimentally assessing triplet states this rule might 
not generally hold true for other polymers until more experimental data has been found to 
back it up. At this point in time it can therefore not be considered to be universally 
applicable to conjugated polymers. 
3.1.1 Exciton diffusion length 
One important quantity that characterises triplet states is their diffusion length. The 
much increased lifetimes of triplets compared to the singlet excitons leads to higher 
diffusion lengths under otherwise comparable conditions. 
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𝐿𝐿𝐷𝐷 = √𝐷𝐷 ∙ 𝜏𝜏 (3.1) 
The diffusion length has a square-root dependence from the excited state lifetime 
(Equation (3.1)). While singlet excitons have diffusion lengths of about 10nm the behaviour 
of triplet excitons differs strongly from that of singlet excitons.79 The Dexter-type mechanism 
necessary for triplet transfer gives rise to potentially lower diffusivities but at the same time 
the much increased lifetimes of triplet excitons allows for higher diffusion lengths. For 
ladder-type PhLPPP polymers Samiullah et al. determined a triplet diffusion length of 
4 µm.180 Tamai et al. reported 40 nm for one fluorene-based polymer while a comparable 
structure showed no triplet diffusion at all.181 A PPV polymer reported by Rand et al. 
achieved a triplet diffusion length of 9 nm which is higher than its singlet diffusion length 
(4 nm) but does not exceed the typical singlet diffusion length achieved by other 
polymers.104,109 These examples highlight both the potential as well as the difficulties 
encountered in creating good triplet-conducting polymers. 
The diffusion length of excited species is, for example, of very high importance in 
OPV devices where the most common solar cell architecture used are bulk-heterojunction 
(BHJ) devices. The very small domain sizes of about 10 nm in the donor-acceptor blend 
required for good charge separation are on the same order of magnitude as the singlet 
exciton diffusion length. Here, the diffusion length directly imposes a maximum size for 
these domains, adding difficulty to physically meeting these narrow requirements. It should 
be noted that small domain sizes in BHJ solar cells – while excellent for exciton quenching – 
can also limit the extraction efficiency; large domain sizes, on the other hand, provide better 
extraction pathways but tend to exhibit poorer exciton quenching. Finding the right domain 
size therefore necessitates a good balance between exciton quenching and charge extraction 
properties.182 
Theoretically, triplet excitons could help release this set of morphological constraints 
with their increased diffusion lengths, ultimately allowing for more polymers to be used in 
OPV application.183 Hence, it is desirable to design higher exciton diffusion length polymer 
materials. One possibility may be the use of high-diffusivity triplet excitons that, owing to 
their increased lifetime, may exhibit longer overall diffusion lengths. This could also increase 
the feasibility of bilayer solar cells where donor and acceptor layers often reach thicknesses 
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of 100nm and above. These distances drastically limit the efficiency of the charge separation 
processes that take place at the donor acceptor interface.184,185 
Conversely, the excited state lifetime may be directly affected by its environment. 
Piland et al. showed for rubrene that disorder in the bulk can limit the triplet exciton 
diffusivity and may allow the excited species to remain associated for very long times.186 This 
shows the potential the tuning of triplet states offers; depending on the requirements one 
can strike a balance between diffusion length and lifetime, prioritising one over the other. 
These cases also underline the importance of better understanding triplet excitons 
and the possibilities their implementation offers when designing more efficient or 
completely novel devices. Ideally, it would be possible to analyse the triplet state and predict 
its properties already in the design stage. Good understanding of triplet exciton behaviour 
and energy level is required to this end but despite a lot of research triplet excitons remain a 
very elusive species. 
3.1.2 Excitons in organic electronic devices 
In Organic Electronics triplet states usually can be found in one of two roles, either as 
an excited species that fundamentally contributes to the operation of a device or as the 
source for reduced efficiencies. 
In Organic Light-Emitting Diodes excited states are achieved by injection of free 
charges into the unoccupied semi-conductor states, leading to a statistical percentage of 
75% triplet exciton population.187,188 These triplet excitons can decay non-radiatively, 
limiting the efficiency of light-emitting devices to about 25% (excluding other losses) as well 
as accelerating device deterioration.189–191 This has led to the development of 
phosphorescent OLEDs that use triplet emitters to enable triplet excitons to contribute to 
light emission via phosphorescence.192 The decay pathways in OLEDs can occur via multiple 
triplet states and there is a complex interaction between the different excited states and 
fine equilibria between ISC and radiative decays.193 
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Figure 3.2 - State diagram of the excited state processes in OPV semiconductors; vibrational states are indicated (grey) 
and relevant electrons are overlaid as a visual representation of the electronic state. 
In organic solar cells, triplet excitons can represent a significant loss mechanism in 
which case they do not contribute to the charge separation. Fundamentally, OPV devices 
work through the splitting of photoexcited excitons into free charges, with the energy off-set 
between the excited state (S1) and the energetic level of the free charges (FC) forming the 
driving force for this charge separation (Figure 3.2). Due to the high exciton binding energy 
in semi-conducting polymers this process usually proceeds via charge transfer (CT) states. 
However, these CT states can also act as traps that inhibit the actual charge separation 
process; through recombination CT states can form triplet excitonic states (T1) that are 
localised on the polymer, thus removing the excited species from the charge separation 
process altogether.194 
Triplet excitons have furthermore been shown to be the cause of material 
degradation in organic electronic devices, ultimately decreasing device efficiency over 
time.195,196 Therefore avoiding or removing triplet excitons is highly important for improving 
existing solar cell technologies. These examples show that exact understanding of the triplet 
excited states and the knowledge of their energy levels is crucial to improving device 
efficiencies as well as device lifetimes.  
Conversely, it has also been shown that under the right conditions, i.e. triplet 
deactivation pathways being unfavourable, triplet harvesting can contribute directly to 
improving the photocurrent of OPV devices.103,104 Rather than counteracting triplet loss 
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mechanisms in existing devices, this approach uses device designs that not only incorporate 
triplet excited states as a device functionality but rather build on the specific triplet 
properties in order to create new and improved technologies. Triplets have been shown to 
play a vital role, for example, in singlet fission where one singlet generates two triplet 
excitons, thus producing external quantum efficiencies that exceed 100% and increasing the 
short circuit current in OPV devices.197 For singlet fission to work effectively, the energetic 
position of the triplet state needs be halfway between S0 and S1 which shows the importance 
of the exact knowledge of triplet energy levels. Systematic analysis of triplets can result in 
the tuning and potentially prediction of these excited states. 
The concept of triplet-triplet-annihilation up-conversion (TTA-UC) is, in a very loose 
sense, the reverse idea of singlet fission.106 TTA-UC allows the up-conversion of IR radiation 
to visible light by recombination of two triplet excitons. This process heavily relies on the 
increased triplet lifetime as well as their unique energetics which allow for a higher chance 
of annihilation through collision of excited molecules. Upon collision the two excited triplet 
states annihilate and lead to a newly up-converted excited singlet state which can then be 
harvested either through radiative decay (OLED) or through charge extraction (OPV). 
Even though much is known about triplet lifetimes due to such tools as transient 
absorption spectroscopy (TAS) the most basic properties like triplet energy levels and 
diffusion lengths are unknown for the vast majority of polymer materials because they 
cannot be routinely measured. Exact tuning of the energetics triplet state is a necessity for 
these applications and requires new tools to determine fundamental triplet properties. 
3.1.3 Host-guest systems 
Host-guest systems are a common way to induce triplet sensitisation in organic 
electronic devices. In a typical host-guest approach the semi-conducting host material is 
blended with a guest dopant that serves as an acceptor with singlet-triplet intersystem 
crossing properties, usually an organic heavy metal complex using Pt, Pd or Ir. 
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Figure 3.3 - Energetic representation of the electronic states and their interaction in phosphorescent OLEDs; vibrational 
states are indicated (grey) and electrons are overlaid as a visual representation of the electronic state. 
In phosphorescent OLEDs triplet sensitisers are commonly used as guest dopants to 
generate triplet states which can relax via phosphorescent emission (Figure 3.3).192,198 The 
sensitisers have a two-fold purpose, as exciton harvesters and as singlet-to-triplet 
converters, or: sensitisers. For this, a good electronic overlap between the guest molecule 
and the semi-conductor host are highly important to allow for a good electron transfer 
between the two systems. The energetic offset between the two needs to be big enough to 
create a driving force for the exciton transfer from the host to the guest. On the other hand, 
the singlet-triplet energy difference needs to be small enough to allow for efficient energy 
transfer. 
In Organic Electronics guest dopants consist of heavy metal ions which form 
complexes with organic ligand molecules. In OLED applications, a number of different ligands 
are used in iridium complexes, depending on the emission wavelength that is needed; 
however, it is interesting to note that with metals that are complexed to flexible polydentate 
ligands shorter triplet lifetimes of ~0.5ms are reached which is beneficial for the quick 
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relaxation processes.198 Conversely, in polymeric solar cells host guest systems have 
successfully made use of heavy metal porphyrins to increase the photocurrent using triplet 
excitons. The rigid porphyrin structure stabilises the triplet state and helps achieve very long 
lifetimes, making it available for subsequent charge separation processes.103,199 These 
examples bear witness to the impressive range triplet lifetimes can be tuned to and highlight 
the importance of being able to selectively manipulate triplet excited states in organic 
semiconductors. 
3.1.4 Morphology and excited state properties 
Polymer electronic properties strongly depend on the physical conformation of the 
polymer chains as well as on the electronic interaction between different polymer chains.  
The effect that morphological differences have on the polymer bulk electronic 
properties can often be observed as macroscopic changes to the polymer absorption and 
emission. At the same time, morphology majorly impacts the excited state properties and 
dynamics on a local level. Both inter-chain and intra-chain excited species are a direct result 
of the polymer morphology, and the local environment of an excited state particle 
determines how likely it will undergo energy transfer – both along the polymer chain and 
through space.200 
In OFETs the elimination of torsional degrees of freedom is the key to achieving high 
charge mobilities and a high degree of order increases the intra-chain energy transfer, 
typically resulting in higher charge mobilities.201 The surface morphology is key to achieving 
barrier-free interaction with adjacent layers and well-controlled surfaces, determining the 
device efficiency on a molecular level.202 
In polymer/fullerene blends local changes in morphology can be used to change the 
decay dynamics of excitons, achieving either a dissociation on an ultra-fast time-scale or a 
longer-lived, diffusion-limited dissociation process.203 This underlines the importance of the 
local environment to the properties of the excited state particles and intimately ties it into 
the macroscopic considerations of polymer exciton diffusion as a material coefficient. 
In the P3HT polymer family the morphological differences between the regioregular 
and the regiorandom isomers are very pronounced. The random orientation of its side 
chains (Scheme 3.1) leads to an increased side chain repulsion. This repulsive interaction 
results in a less planar structure of the polymer backbone and an overall less-extended 
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polymer π-system. The morphological differences in rra-P3HT also lead to difference in the 
electronic structure. As a result, rra-P3HT differs widely from rr-P3HT in its absorption and 
emission profiles. 
 
Scheme 3.1 - Steric interaction in rr-P3HT and rra-P3HT. 
However, the morphology of P3HT affects the excited state electronic structure in 
much greater detail as it has a pronounced influence on the excited state dynamics. Excited 
state species in rr-P3HT, such as singlet excitons or polaron pairs, tend to be more strongly 
delocalised because of a stronger inter-chain interaction. Conversely, in rra-P3HT these 
excited state species have been found to be much more localised, in the case of polaron 
pairs mainly forming intra-chain polaron pairs.204 
Furthermore, these electronic differences also determine which excited species are 
preferentially formed. While the photoexcitation of rr-P3HT mainly leads to polaron pair 
formation on the polymer chain, in rra-P3HT triplet excitons are the dominating excited state 
species. This latter observation has been linked to an internal singlet fusion/singlet fission 
mechanism only found in rra-P3HT.174,204  
The rich morphological and excited state parameter space make rra-P3HT a highly 
interesting candidate for singlet fission application, and careful optimisation could 
potentially allow for its use in increasing the photocurrent in polymeric OPV devices. 
 Research plan 3.2
Porphyrins are often chosen for their electronic tuning potential by functionalisation 
and by complexation with different metals and for this reason have traditionally played a big 
role in triplet sensitisation and inter-system crossing processes.205–207 Studies have shown 
that porphyrins can experience phase-segregation in polymer blends, a behaviour 
observable with organometallic small molecules in general.103,107 Therefore, an approach 
was chosen in which the porphyrin guest would be covalently linked to the polymer host via 
copolymerisation. Porphyrins have the advantage that they can be functionalised via their 
meso-substituents, thus offering a huge potential for their use in various polymerisation 
techniques.123,168 
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Porphyrins have also been found to have a neutral to slightly beneficial impact on 
polymer morphology when incorporated into the polymer backbone, a trend that can also 
be seen in the studies conducted on rr-P3HT polymers (Chapter 2).208 Through careful design 
porphyrins can be utilised for a broad range of polymerisation techniques for 
copolymerisation; by functionalisation of the meso-groups the porphyrins can be made 
available for copolymerisation using techniques such as Stille116, Suzuki209 Gilch210 or even 
Wittig-type58 reactions. This makes it feasible to adapt the chosen porphyrin core to the 
specific requirements of a wide range of polymers. 
 
Figure 3.4 - State diagram of a polymeric host-guest system; vibrational states are indicated (grey) and relevant electrons 
are added as a visual representation of the electronic state. 
Despite their wide-spread use in Organic Electronics the role of excited triplet states 
in semi-conducting polymers is still not very well understood and triplet energy, diffusion 
length or mobility are not routinely measured. This is due to the difficulties in accessing the 
triplet state experimentally and theoretically, necessitating the creation of improved tools to 
more systematically elucidate the triplet excited state properties.211,212 
This work therefore aims at creating triplet-sensitised, semi-conducting polymers 
which can be used as a toolset to experimentally determine the fundamental properties of 
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triplet excited states. Only very few reports have been published on the triplet sensitisation 
of semi-conducting polymers, each with a focus on understanding the respective individual 
polymer properties.64,103,104 In this work, the triplet sensitisation mechanism is used to 
experimentally determine triplet excited state properties and to help create a framework 
that allows for a more systematic study of triplet properties in organic electronic polymers. 
For this, covalently linked host-guest systems were designed which incorporate 
triplet-sensitising dopants into the polymer backbone to effectively generate triplets on the 
polymer, making them accessible for subsequent analysis (Figure 3.4). To this end, the 
excited state singlet and triplet energy levels of the guest dopant are chosen such that they 
lie in between the excited states of the host polymer, creating the driving forces necessary 
to transfer the singlet excited species from the host onto the guest, and the newly generated 
excited triplet species back from the guest to the host. On the guest itself the singlet 
population is converted through inter-system crossing that is induced by heavy metal spin-
orbit coupling-effects. 
Studies have shown that amorphous polymers tend have higher triplet lifetimes than 
crystalline materials, making it potentially more feasible to differentiate triplet excitons from 
other excited species. 213 Therefore, amorphous polymers were chosen in the first design of 
host-guest systems.  
The above points highlight the well-suited properties of porphyrins for host-guest 
systems; they were therefore chosen as structural templates for the guest molecules. In 
order to choose a matching polymer, first its broad energetic alignment with the porphyrin 
was determined by comparing the spectral overlap between polymer emission and 
porphyrin absorption. This is the first step in assuring that transfer processes between 
excited states of the host and the guest are energetically feasible. 
For the complexation of the freebase porphyrin three different metal ions were 
chosen as potential candidates: platinum (II), palladium (II) and zinc (II). The metals differ in 
the strength of their spin-orbit coupling, directly influencing the inter-system crossing 
efficiency;214 they also contribute electronically to the energy level matching between host 
and guest, thereby shifting the absorption profile of their respective porphyrins. The right 
choice of metal centre for the porphyrin guests is therefore a balance between the efficiency 
of the SOC and the optoelectronic properties.  
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Figure 3.5 - Representation of the ideal overlap in a host guest system, showing the metal-induced shift in porphyrin 
absorption (blue) and the polymer emission (red). 
It is worth noting that the choice of metal also touches upon the broader implications 
addressed in our design, such as the final cost of the fabricated devices and the ecological 
impact. In the optimisation of optoelectronic devices one of our goals is to achieve optimal 
distribution of the heavy metal guest, i.e. a minimum concentration in the polymer bulk that 
can be achieved by avoiding phase separation. Additionally, one should also consider the 
recycling potential of the final devices after completing their lifetime, highlighting the 
economic feasibility of regaining the respective metals, e.g. by thermal recycling.215 
The absorption spectra for porphyrins with four arylic substituents in the meso-
positions (Figure 3.5) highlight the respective Soret bands at 400–425 nm and Q bands in 
between 500-550 nm. Special attention was given to the changes in Q bands; as the most 
red-shifted features they would need to overlap electronically with the host polymer. The 
spectra further illustrate the wide absorption range that porphyrins can be tuned to by 
choosing the right metal for the complexation; between the platinum, palladium and zinc 
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metal centres alone absorption maxima can be shifted by up to 40 nm (Table 3.1). 
Platinum (II) ions were chosen as the porphyrin metal centre for two reasons: their high ISC 
efficiency and for their wide-spread use of precious metal sensitisers. 
 
Table 3.1 - Emission maxima of select polymers (thin film). 
 λmax
emission 
rra-P3HT 593 nm 
TTP 564 nm 
PPV 545 nm 
 
An emission maximum wavelength in the range between 500 and 650 nm was 
defined as a first requirement for host polymers suitable for further studies in order to 
match with the porphyrin absorption profile. The exact shape of the emission band as well 
as its interaction with the porphyrin host would then need to be further determined 
experimentally. Polymers that fit this criterion were found to be the following amorphous, 
wide-bandgap polymers:55,216,217 
 
- regiorandom poly(3-hexylthiophene) (rra-P3HT, Chapter 3.3), 
- poly(bis(decylthiophene)phenylene) (TTP, Chapter 3.4) and 
- poly(para-phenylenevinylene) (PPV, Chapter 3.5). 
 
The electronic transition overlap between host and guest is highly dependent on the 
shape and broadness of the absorption and emission bands. In order to verify the energetic 
match or mismatch between porphyrin absorption and polymer emission, potential changes 
in the morphology and the electronic structure of the final host/guest copolymers had to be 
taken into account. More detailed measurements would therefore have to be conducted 
after the successful synthesis of the host/guest system. Subsequently, further tuning could 
be achieved by changing either polymer or porphyrin properties. 
On the polymer side, morphological changes can shift the bulk polymer emission, 
through modification of either the side-chains or of the synthesis parameters. Conversely, 
the porphyrins can be tuned electronically with a much higher level of control, by changing 
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the porphyrin substitution or, as highlighted above, by exchanging the complexed heavy 
metal. 
 rra-P3HT polymers 3.3
3.3.1 Material requirements 
 
Scheme 3.2 - Oxidative polymerisation of rra-P3HT; R: alkyl group. 
rra-P3HT been used as an active material in OFETs, in OPV cells and in light-
harvesting porphyrin dyads105,218–220 and is typically synthesised using oxidative 
copolymerisation, by reacting the unsubstituted 3-hexylthiophene in the presence of iron(III) 
chloride (Scheme 3.2).221 
 
Scheme 3.3 - Proposed porphyrin co-monomer for oxidative polymerisation; R: alkyl group. 
For the matching design of the porphyrin in an oxidative copolymerisation 3-hexyl-
thiophenyl-benzenes were chosen as linear meso-substituents (Scheme 3.3). The mesityl 
substituents were chosen for their stability and solubility-enhancing properties. By adding 
two hexyl side chains, the overall solubility of the porphyrin should be much increased 
compared to the bromophenyl-substituted analogue 2.14. 
3.3.2 Polymer synthesis 
The oxidative polymerisation of rra-P3HT is a kinetically controlled reaction in which 
the unsubstituted 3-hexylthiophene monomers react with random head-tail orientations.221 
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Scheme 3.4 - Oxidative polymerisation of rra-P3HT. 
Regiorandom P3HT 3.2 was synthesised via oxidative polymerisation of 3-hexyl-
thiophene 3.1 (Scheme 3.4), following a literature procedure.221 Quantitative amounts of 
FeCl3 were loaded into a reaction vessel under argon atmosphere and suspended in 
anhydrous chloroform. The 3-hexylthiophene monomer 3.1 was also dissolved in anhydrous 
chloroform separately and was then transferred to the reaction vessel via syringe. The 
reaction was let run overnight and under a constant Ar flow to guarantee exclusion of 
oxygen and water. After the reaction completed, the crude was suspended in chloroform 
(100 ml), poured into MeOH and stirred for 1h. The crude was then filtered off using a 
soxhlet thimble and purified using a soxhlet extraction using MeOH, Acetone and CHCl3, 
affording the product an orange solid. The successful reaction was verified using NMR 
spectroscopy and GPC. 
3.3.3 Porphyrin synthesis and copolymerisation 
 
Scheme 3.5 - Synthesis of 5,15-dimesityl-10,20-p-phenyl-2-(3-hexyl)thiophenylporphyrin. 
The porphyrin used for oxidative copolymerisation with hexylthiophene monomer 
was designed to include unsubstituted (phenyl)hexylthiophene end-groups in the meso-
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position to allow for its incorporation into the polymer backbone (Scheme 3.5). The 
synthesis of the porphyrin 3.4 followed a very similar reaction pathway to that shown earlier 
(Chapter 2.3.1.2), using a modified literature procedure.123  
 
Figure 3.6 - UV-Vis absorption spectra of the freebase and platinated porphyrin co-monomers (chlorobenzene solution). 
In a first step mesityldipyrromethane 2.12 was coupled with 4-(3-hexylthiophen-
2-yl)benzaldehyde 3.3 to give the freebase 5,15-bis(4-(3-hexylthiophen-2-yl)phenyl)-10,20-
dimesitylporphyrin 3.4. The crude product was purified by sonication in methanol and 
subsequent filtration. The successful synthesis of 3.4 was verified by NMR (Appendix B) and 
UV-Vis spectroscopy (Figure 3.6). The 1H NMR spectrum shows the typical pyrrolic N-H 
signals at -2.57 ppm, while the UV-Vis clearly shows the Soret band at 423 nm and the four 
Q-bands at 500–700 nm, respectively. 
The platinum metal was then introduced by reacting 3.4 with PtCl2 in benzonitrile 
under reflux conditions, affording platinum 5,15-bis(4-(3-hexylthiophen-2-yl)phenyl)-10,20-
dimesitylporphyrin 3.5 (Scheme 3.6). 
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Scheme 3.6 - Synthesis of the porphyrin co-monomer for oxidative copolymerisation. 
UV-Vis spectroscopy was used to ascertain the completion of the complexation 
reaction. Upon successful reaction the four Q-bands of the freebase porphyrins were 
reduced to two Q-bands (Figure 3.6) and the 1H NMR signal in the negative regime 
disappeared. 
 
Scheme 3.7 - Synthesis of porphyrin-rra-P3HT copolymers with different porphyrin feed ratios (FR). 
The oxidative copolymerisation of 3-hexylthiophene 3.1 was conducted using 
identical conditions to the homopolymerisation, further adding porphyrin 3.5 in feed ratios 
of 1, 2, 5 and 10 w-% as co-monomers (Scheme 3.7). Work up afforded four yellow polymers 
3.6-3.9 whose successful synthesis was verified by 1H NMR spectroscopy. 
3.3.4 Physical and optical properties 
The polymers were then analysed using Gel-Permeation Chromatography (Table 3.2). 
The molecular weight of the homopolymer 3.2 was higher than the literature value, likely 
due to a reduction in reaction volume over time caused by the argon flow. Adding porphyrin 
monomers to the reaction was found to decrease the molecular weight, which was expected 
since porphyrins have a lower solubility than the thiophene monomers and likely help 
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precipitate the polymers earlier. Chronologically, the 2% polymer 3.7 was synthesised right 
after the homopolymer 3.2 and used an identical reaction volume which led to an increase in 
polydispersity and a sharp reduction in yield. This showed that the reaction volume was too 
low for an efficient copolymerisation and was subsequently for the 1, 5 and 10% polymers 
3.6, 3.8 and 3.9. This compensated the increase in polydispersity and decrease in yield while 
also leading higher molecular weights. 
 
Table 3.2 - Physical properties of the rra-P3HT polymers. 
 MN 
[kg/mol] 
MW 
[kg/mol] 
PDI FR  
[w-%] 
IR  
[mol-%] 
rr yield 
[%] 
MS 
[m/z] 
3.2 194.73 577.89 2.97 0 % 0 % 64 % 46 24889.8 
3.6 56.63 270.00 4.94 1 % < 3 % 68 % 30 4422.4 
3.7 52.49 290.36 5.53 2 % < 3 % 68 % 6 59727.3 
3.8 61.11 304.61 4.98 5 % 3 % < x < 7 % 64 % 17 64066.7 
3.9 40.06 143.43 3.58 10 % 7 % < x < 13 % 75 % 8 44860.9 
 
Furthermore, the regioregularities – as determined by 1H NMR – of the polymers 
proved difficult to control, especially for polymer 3.9. This could be due to the random 
nature of the polymerisation which is more difficult to control than e.g. Pd-catalysed 
reactions. The addition of porphyrin to the reaction increases the complexity of the 
polymerisation, making it even more difficult to achieve well-defined polymers. The random 
nature of the polymerisation is in very good agreement with the literature, explaining the 
differences in regioregularity.221 The porphyrin moiety seems to not affect the 
regioregularity unless it is incorporated in very high concentrations. 
MALDI-TOF mass spectrometry was conducted on the polymers. The rra-P3HT homo-
polymer 3.2 shows quite a low mass when comparing it to the GPC results. Even considering 
the GPCs bias towards overestimating molecular weights for conjugated polymers due to the 
use of polystyrene reference, this value is much lower than expected. As with its 
regioregular equivalent (Chapter 2.4.1) the low mass measured for the rra-P3HT polymers 
probably stems from a low propensity of the polymers to ionise and desorb. In the case of 
the 1% polymer 3.6 the molecular mass is surprisingly low at ~4kg/mol which is in 
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disagreement with the GPC results and was therefore further investigated using UV-Vis 
spectroscopy. 
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Figure 3.7 - UV-Vis absorption of the rra-P3HT polymers (chlorobenzene solution). 
Interestingly, the mass spectrometry data of the polymers with a higher porphyrin 
weight-percentage is on par with the GPC values, indicating that the porphyrins might assist 
the MALDI measurement of the rra-P3HT polymers, likely by increasing the polymer 
polarisability. However, it remains unknown what effect exactly the porphyrin structure and 
concentrations have on the polymers and whether residual contaminants play a role in the 
ionisation processes. 
The UV-Vis properties were determined in chlorobenzene solution and the spectra 
were then normalised for maximum absorption intensity (Figure 3.7). The homopolymer 3.2 
and the copolymers with 1, 2 and 5 % porphyrin content 3.6-3.8 share almost identical, 
broad absorption bands in solution and have comparable absorption maxima at ~440 nm. 
It is worth highlighting that 3.6 shows the same overall shape in absorption profile 
and likely possesses the same effective conjugation length as the porphyrin-bearing 
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polymers. This would support the molecular weight obtained by GPC measurement. It also 
further indicates that the very low mass found using MALDI-TOF is likely due to reasons 
other than the molecular mass itself, e.g. potential residues from the reaction or the sample 
concentration in the measurement.  
The UV-Vis spectrum for the 10 % porphyrin copolymer 3.9, on the other hand, 
indicates a more pronounced vibronic fine structure, with an absorption maximum at 
432 nm and two shoulders visible at 408 and 450 nm. The shoulder at 408 nm is very likely a 
direct contribution from the porphyrin to the overall absorption that becomes visible in 
solution only at 10 % concentration. The shoulder at 450 nm not only hints at a more 
pronounced electronic structure of the polymer; it also has a reduced intensity in 
comparison to the other polymers. Combined with the red-shifted maximum at 432 nm this 
implies an reduced effective conjugation length for 3.9 that aligns very well with the much 
lower molecular weights found in the GPC measurements. 
 
Figure 3.8 - UV-Vis absorption of the rra-P3HT polymers (thin film). 
The thin film UV-Vis measurements showed the characteristic properties of the rra-
P3HT homopolymer thin film (Figure 3.8), with an absorption maximum at 519 nm and an 
absorption onset of 646 nm, as-cast (Table 3.3). The inset graphic of Figure 3.8 shows the 
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increasing porphyrin band with increasing porphyrin concentration. The increase in 
porphyrin concentration within the polymer results in increasingly pronounced shoulders at 
430 and 605 nm. The signal strength of these features correlates well with the increasing 
porphyrin content, as determined by 1H NMR. 
 
Table 3.3 - Absorption properties of the rra-P3HT polymers (thin film). 
 λmax 
[nm] 
λonset 
[nm] 
Δopt 
[eV] 
3.2 519 646 1.92 eV 
3.6 513 646 1.92 eV 
3.7 507 650 1.91 eV 
3.8 514 654 1.90 eV 
3.9 513 654 1.90 eV 
 
The 2% polymer is more red-shifted than the other polymers with its absorption 
maximum at 507 nm. Interestingly, the absorption onset is not affected, but aligns very well 
with the polymers containing lower and higher porphyrin-percentages. 
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Figure 3.9 - Photoluminescence spectra of the rra-P3HT polymers (not normalised). 
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In a next step, photoluminescence studies were conducted on thin film samples of 
the polymers, resulting in the spectra with two emission maxima at ~632 nm and ~662 nm 
for all polymers (Figure 3.9). At first glance a correlation between increasing porphyrin 
concentrations and reduced photoluminescence is apparent, with the higher concentration 
polymers providing a lower photoluminescence count. 
The proposed pathway for the luminescence decay is schematically depicted in 
Figure 3.10. The radiative (fluorescent) decay follows a deactivation path from the S1 into 
the S0 state with the coefficient kr. The competing non-radiative decay is described by knr. A 
transfer from the host to the guest takes place via a pre-equilibrium of excited singlet states 
which is subsequently converted into the triplet manifold (k’ISC and k’’ISC, respectively). 
 
Figure 3.10 - Jablonski diagram of a polymer host-guest system, showing the inter-system crossing and 
deactivation pathways. 
In a first-order approximation one would expect the phosphorescence to decay with 
increasing platinum concentration in the polymer bulk due to the increased singlet exciton 
quenching through platinum-induced inter-system crossing. 
 𝑃𝑃𝐿𝐿 ∝   1[𝑃𝑃𝑃𝑃] (3.2) 
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In a first-order approximation the photoluminescence decay is therefore expected to 
follow an asymptotic decay curve; this assumes high quantum efficiency for the conversion 
process (Equation (3.2).** 
However, the data recorded for the rra-P3HT polymer family does not follow this 
behaviour. One can only see a very basic correlation: polymers that carry porphyrin guests 
have an overall lower photoluminescence than the rra-P3HT homopolymer 3.2, even when 
adjusted for absorption intensity. Other than that, the data points do not follow any 
discernible trend and only allow to state that incorporation of platinum porphyrins into the 
polymer leads to photoluminescence quenching, an effect often observed with heavy metal 
dopants in bulk polymers.103  
The quenching of polymer emission through platinum porphyrin doping is a very 
complex process and to achieve a thorough understanding one needs to elucidate a number 
of different parameters, requiring additional studies on the polymers. This process is 
strongly influenced by the polymer morphology as well as by the morphological and 
energetic influence of the porphyrin, in general, and of its heavy metal centre, specifically. 
On the morphological side, the polymer molecular weights and distributions can 
influence the bulk formation, change the local environment of the polymer chains and 
ultimately affect the electronic structure, allowing for alternative (non-radiative) decay 
pathways. This even extends to minor variances in casting conditions which could impact the 
change in PL measured and would require a statistically representative number of 
measurements. 
The excited state pathways and their electronic properties are not very well 
understood, i.e. it would be preferable to know the quantum yield for each polymer. While 
in a first-order approximation the quantum yield was considered to be comparable for all 
polymers, it could vary greatly depending on different guest concentrations. 
This brings about two problems: To understand the mechanism of PL decay, one 
would have to fully determine the excited state interactions and the quantum yields for each 
polymer. Furthermore, if the sum of the intrinsic rates, i.e. the radiative (kr) and non-
                                                     
 
** The formula was derived by Hendrik Utzat from the James Durrant group; it is presented in full in Appendix F. 
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radiative (knr) components, is much larger than the reaction rate of the inter-system crossing 
(kISC) the calculated change in PL would carry a large margin of error in Equation (3.2). 
To avoid this discrepancy in the host-guest interaction one would ideally find a guest 
dopant that achieves a quantum yield of near-100%, allowing it to completely convert the 
host excited state excitons. A minimum PL quenching of at least 60 percentage points was 
defined as a realistic requirement for a host-guest system concentration series. 
3.3.5 Methodological insights 
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Figure 3.11 - Porphyrin solution absorption (black) and thin film emission of the neat and porphyrin-bearing  
rra-P3HT polymers (red, blue). 
An efficient energy transfer from the polymer host to the porphyrin guest requires a 
good energetic matching and therefore a good overlap between host emission and guest 
absorption spectra. In Figure 3.11 the emission spectra (thin film) of 3.2 and 3.6 were 
plotted together with the absorption spectrum (in solution) of platinum porphyrin 3.5 to 
showcase the overlap potential in a host-guest system. 
The different environments for host polymer and guest dopant, i.e. thin film and 
solution measurements, were chosen because they most closely resemble the local 
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environment a porphyrin would experience when incorporated into a covalent host-guest 
system. In the polymer bulk the porphyrin experiences a local surrounding that is flexible 
and disordered – which in an amorphous polymer can most accurately be described as a 
“melt”. 
Covalent incorporation of the porphyrin into the backbone inhibits porphyrin 
aggregation and phase separation. On a molecular level this means that porphyrin guests 
experience an environment that is mostly determined by the host polymer properties. In 
other words, the covalent incorporation of porphyrins allows for their statistical distribution 
within the polymer bulk, thus guaranteeing minimal porphyrin-porphyrin interaction. Quite 
similarly, the low porphyrin concentration in UV solution measurements causes minimal 
exchange between porphyrin molecules. 
Furthermore, phenylic meso-substituents are known to twist out of plane from the 
porphyrin core. In the host-guest system this warrants an intra-chain electronic decoupling 
of the porphyrin from the polymer. The electronic prerequisites are therefore quite similar 
and allow for a broad comparison. 
The polymer emission spectrum shown in Figure 3.11 was measured under optical 
excitation of the thin film at 520 nm. The porphyrin solution absorption spectra were then 
measured in chlorobenzene solution and overlaid. The porphyrin Q band absorption and the 
polymer emission band lie too far apart from each other to energetically overlap. However, 
they are still in a range where further tuning could achieve a better electronic overlap, e.g. 
by substituting the platinum centre with a zinc atom. 
These findings align well with the tentative results from the PL quenching series 
where the introduction of heavy metal platinum caused a visible, even if not monotonic, 
reduction of the photoluminescence. The observed PL quenching might therefore have 
taken place not so much because of energetic host-guest interactions but is more likely to 
have originated from introducing traces of platinum into the polymer bulk which simply act 
as heavy metal dopants – these can induce emission quenching either directly through spin-
orbit coupling on the platinum or through inter-system crossing on sulphur atoms that are 
sensitised through neighbouring platinum.222–224 
For a good host-guest system, ideally, a full conversion of the excited species would 
be achieved. The rra-P3HT host-guest systems didn’t meet these requirements and further 
investigations into optimising the synthesis of rra-P3HT were abandoned in favour of finding 
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a different polymer that promised to be more easily accessible as well as electronically more 
suitable for incorporation into a host-guest system. 
3.3.6 Conclusion 
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Figure 3.12 - Overlay of the absorption (black) and emission (red) spectra of neat rra-P3HT and the absorption (green) of 
the porphyrin monomer. 
The successful incorporation of platinum porphyrin into rra-P3HT through oxidative 
polymerisation was shown and the porphyrin concentration within the polymer was tuned 
to the desired degree. A family of regiorandom P3HT polymers was synthesised, containing 
0, 1, 2, 5 and 10% covalently bound platinum porphyrin. This is especially noteworthy 
because oxidative polymerisation occurs using quantitative amounts of oxidant and is much 
more difficult to control than many of the catalytic polymerisations that use palladium or 
iridium as active catalyst. Even so, the incorporation of porphyrin led to the expected 
incorporation ratios, thus underlining the strength and reliability of the approach of 
covalently incorporating porphyrin guests into the polymer host. 
Further analysis verified the covalent incorporation of porphyrin dopants. A trend of 
decreasing polymer molecular weight was observed and could be pinpointed to the slightly 
reduced solubility imparted by the porphyrin moieties. The decrease in molecular weight 
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had a direct effect on the polymer absorption profile and red-shifted the absorption. The 
incorporation of heavy metal dopants in the polymer bulk was shown to likely induce a 
reduced photoluminescence. Even though the PL quenching could not be related to the 
concentration of the guest, this a promising first result and it shows that the introduction of 
a covalently bound heavy metal can influence the optoelectronic properties of the host 
polymer even when only a minimal energetic overlap between the host and guest is given. 
Considering the difficulties experienced in synthesising regiorandom P3HT and the 
energetic mismatch between the porphyrin core and the polymer, it seemed practical to find 
a host-guest system that would prove more accessible. Finally, the PL quenching results of 
the rra-P3HT polymer family did not meet our requirements set for a host-guest system 
(Figure 3.12). However, this work proved that the approach used to screen host-guest 
systems was valid and, moreover, played a crucial role in defining the requirements for the 
subsequent host-guest system in much more detail. 
 TTP copolymers 3.4
3.4.1 Material requirements 
 
Scheme 3.8 - TTP polymer. 
Poly(bis(decylthiophene)phenylene) 3.10 is a polythiophene polymer that has 
attracted attention due to its physical properties (Scheme 3.8). Ohkita et al. showed that TTP 
facilitates the formation of triplet excitons through excited state decay pathways in clear 
contrast to the more ubiquitous rr-P3HT.204,217 This allowed them to study the TTP triplet 
excitons in detail with the obtained data indicating a triplet energy level of ~1.77 eV 
(700 nm) in the pristine film. This value is higher than that of the corresponding TTP charge 
transfer state as well as the triplet energy level of PC60BM, making it a promising polymer for 
triplet-based solar cells. 
This value is also very similar to the triplet energy level of platinum 
tetraphenylporphyrin at 1.85 eV and promises a good energetic overlap between TTP and a 
porphyrin moiety in a potential host/guest-system.225 These properties make TTP an ideal 
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candidate for our design of a triplet-sensitised polymer and to this end the already 
established 5,15-dimesityl-10,20-bis(bromophenyl)porphyrin 2.14 was chosen for the 
incorporation into the TTP polymer backbone (Scheme 3.9). 
 
Scheme 3.9 - Platinum (II) 5,15-dimesityl-10,20-bis(4-bromophenyl)porphyrin.  
To achieve a good incorporation and maintain a high level of control over the final 
polymers palladium-catalysed polymerisations were considered. Since the incorporation of 
porphyrin dopants itself had proven very reliable even for oxidative polymerisation 
techniques, the application of other, more controllable polymerisation techniques seemed 
highly promising. Suzuki cross-coupling polymerisation has found wide-spread use as a 
reliable polymerisation technique and was therefore chosen for the synthesis of the TTP 
polymer family.33,37,226–228 
3.4.2 TTP synthesis 
 
Scheme 3.10 - Suzuki polymerisation of TTP. 
For the polymerisation of TTP 3.10 5,5'-dibromo-4,4'-didecyl-2,2'-bithiophene 3.11 
(359 mg, 0.58 mmol), 1,4-benzenediboronic acid bis(pinacol) ester 3.12 (191 mg, 0.58 mmol) 
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and Pd(PPh3)4 were dissolved in toluene and placed in a microwave vial under argon 
atmosphere (Scheme 3.10). Degassed aqueous Na2CO3 and Aliquot 336 phase transfer 
catalyst were added to the reaction mixture via syringe and the vial was placed into a 
preheated oil bath. The reaction was stirred overnight and then let cool down. The crude 
polymer was worked up by dissolving in chlorobenzene and precipitated by dropwise 
addition to cold MeOH. The polymer was filtered into a cellulose thimble and purified using 
Soxhlet extraction in MeOH, hexane and chloroform, affording the TTP 3.10 as an orange 
polymer (100 mg, 33%). 
3.4.3 Synthesis of the host-guest polymers 
 
Scheme 3.11 - Suzuki polymerisation of the porphyrin-bearing TTP copolymers; FR : porphyrin feed ratio. 
The TTP host/guest systems were synthesised by ternary copolymerisation of the 
monomers 3.11 and 3.12 with platinum (II) dimesitylbis(bromophenyl)porphyrin 2.14. The 
porphyrin was added at feed ratios of 1, 2, 5 and 10%, substituting the bromo-functionalised 
bithiophene monomers (Scheme 3.11). 
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These polymerisation reactions resulted in a family of ternary TTP copolymers 3.13-
3.16 with covalently incorporated platinum porphyrin moieties (Table 3.4). The 
incorporation ratios achieved for the porphyrin were very comparable to the respective feed 
ratios and following the same linearly increasing trend. 
 
Table 3.4 - Physical properties of the TTP polymers. 
 MN MW PDI[a] Feed 
ratio 
[w-%] 
Incorporation ratio 
[mol-%] [w-%] 
3.12 44.1 73.0 1.65 0% 0% 0.0% 
3.13 23.5 39.8 1.71 1% ~0.4% ~1.1% 
3.14 21.5 36.6 1.70 2% ~0.5% ~1.6% 
3.15 10.8 19.0 1.75 5% 2% 3.4% 
3.16 14.5 24.6 1.70 10% 5% 8.0% 
 
It is also worth noting that these polymers showed a visibly reduced fluorescence 
under UV-Vis light, a trend that was analysed in more detail in Chapter 3.4.5.1.1. The GPC 
results further show that an increase in porphyrin concentration results in diminished 
molecular weights, a trend already observed for the rra-P3HT polymer family (Chapter 3.3). 
This behaviour can be explained by the reduced solubility that is induced by the 
porphyrin groups, thus causing the polymer to precipitate earlier during the polymerisation 
reactions. The successful incorporation of the porphyrin into the TTP polymer backbone was 
shown by 1H NMR spectroscopy (Figure 3.13). The spectra show the typical aromatic peaks 
at 7.10 ppm for the thiophene and 7.51 ppm for the phenyl protons, as determined by the 
matching integrals. 
The signals at 8.81, 8.64, 8.28, 8.04 and 7.66 ppm were attributed to the 
incorporated porphyrins; this can be seen most clearly seen for 3.16, the TTP polymer with 
the highest porphyrin content (Figure 3.14). 
Using the phenyl peaks at 7.51 ppm as reference, the porphyrin integral can be 
compared for the TTP polymers 3.12-3.16. The increase in porphyrin feed ratio in the Stille 
copolymerisation clearly leads to an increase in incorporated porphyrin moieties (Table 2.1). 
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Figure 3.13 - 1H NMR spectra of TTP polymer with 10 % porphyrin feed ratio. 
 
Figure 3.14 - 1H NMR spectra of the TTP copolymers with 0, 1, 2, 5 and 10 % porphyrin content. 
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3.4.4 Optical properties 
 
Figure 3.15 - UV-Vis absorption spectra of the TTP polymers (solution); in-set: zoom-in on the porphyrin Q bands. 
UV-Vis spectra were recorded in chlorobenzene solution for all polymers and 
generally showed very comparable absorption bands (Figure 3.15), with maximum 
absorption wavelengths of ~415nm and absorption onsets at ~483 nm (Table 3.5). TTP 
polymer 3.14 shows a slight red-shift in solution, however this shift is not apparent in later 
thin film measurements anymore. The notable exception in this series is the TTP polymer 
with 10 % porphyrin content 3.16. While the absorption maximum is comparable with that 
of the other polymers, its spectral shape differs a lot. 
The spectral absorption of 3.16 at 350-500 nm is asymmetric in its shape and its 
width is significantly reduced compared to all other polymers, leading to an overall blue-
shifted absorption onset. This reproducible change in absorption is likely due to the 
interaction of the polymer backbone with the highly concentrated platinum porphyrins. 
Considering the molecular weight of 3.16, it is also likely that the increased presence of 
platinum porphyrins limits the effective conjugation length, thus contributing to the 
deviating absorption profile. At 511 and 518 nm the Q band contribution of the porphyrins in 
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the polymers can be seen for 3.15 and 3.16. Similarly to the findings for the rra-P3HT 
polymer family (Chapter 2.4) the ratio of porphyrin incorporation scales nicely with the feed 
ratio. Due to the relatively lower intensity of the Q bands in the UV-Vis spectra they are only 
discernible at higher concentrations. 
 
Table 3.5 - Optical properties of the TTP polymers (chlorobenzene solution). 
 λmax 
[nm] 
λonset 
[nm] 
Δopt 
[eV] 
3.12 415 483 2.57 
3.13 416 485 2.56 
3.14 423 485 2.56 
3.15 413 487 2.55 
3.16 413 465 2.66 
 
The UV-Vis thin film spectra of the TTP polymers (Figure 3.16) show a maximum 
absorption wavelength very similar to those of the solution spectra and with comparable 
absorption onsets. 
 
Figure 3.16 - UV-Vis absorption spectra of the TTP polymers (thin film). 
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Interestingly, all thin film absorption bands share the same spectral shape. In 
contrast to the strong deviation for the TTP polymer 3.16 from the other solution spectra, 
the thin film spectra are very comparable throughout the batch. This indicates that the 
differences in width observed in solution might be due to a solvent-dependent aggregation 
effect. Like the solution spectra, the thin film absorption bands show an increasing porphyrin 
Q-band absorption at 510 nm for higher porphyrin incorporation ratios which aligns very 
well with the findings from NMR spectroscopy. While the incorporation of the platinum 
porphyrin has an overall effect on the molecular weight, it does not seem to affect the thin 
film absorption profile of the polymer backbones to any major degree. 
3.4.5 Excited state dynamics 
Transient absorption spectroscopy (TAS) was used on slow and fast time-scales to 
determine the mechanism of the triplet exciton formation and its decay dynamics. All 
measurements were conducted by Hendrik Utzat and Stoichko Dimitrov of the James 
Durrant group. The results were closely discussed by all involved parties and the conclusions 
gained were used in the design of new spectroscopic experiments and in the synthesis of 
new polymeric structures. 
The results presented in this subsection are strongly inter-connected and the 
experimental findings build up on each other, each adding more detail. First, the interaction 
between host and guest was studied using photoluminescence quenching and microsecond-
TAS experiments were used to show the rise of a new triplet species and to describe its 
significance in the overall exciton generation pathway. 
Then, femtosecond-TAS was used to determine the fundamental triplet properties: 
lifetime, energy and diffusion length. The discussion focusses to a large degree on the 
equilibrium found between the host and guest triplet states and its importance in 
determining the triplet properties. 
 Excitonic behaviour on the microsecond time-scale 3.4.5.1
 Triplet-sensitisation 3.4.5.1.1
TTP polymers 3.12, 3.15, and 3.16 were chosen for a study of the excited state 
behaviour, allowing for the analysis of a wide spectrum of platinum porphyrin concentration. 
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The polymers were spin-coated from chlorobenzene solution onto glass substrates and 
photoluminescence spectra were recorded (Figure 3.17). 
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Figure 3.17 - Photoluminescence spectra of the TTP polymers; spectra were recorded by Hendrik Utzat of the James 
Durrant group. 
The spectra show the fluorescent emission from the conjugated backbones of the 
three TTP polymer sharing an emission maximum at around 525nm. This is in very good 
agreement with literature reports on the neat TTP polymer.217,229 The emission is quenched 
in a clear correlation to the increasing concentration of platinum porphyrins in the polymer 
backbone.  
It should be noted that the correlation is quantitative only as it does not take chain 
length, morphology or film thickness into account. However, the quenching in 3.15 and 3.16 
is very strong and almost complete at 10 % Pt-content. The quenching efficiency is much 
higher than that observed for rra-P3HT (Chapter 3.3). This indicates a very good overlap 
between the polymer host and the porphyrin guest which likely facilitates an efficient non-
radiative deactivation of the polymer singlet excitons. 
The analysis of the excited state dynamics thin films samples of 3.12, 3.15 and 3.16 
was conducted using microsecond TAS. The resulting spectra showed a new emerging 
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species at 800 nm (Figure 3.18), a wavelength in close agreement with reported values for 
triplet excitons.217 
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Figure 3.18 - Transient absorption spectra of the TTP polymers; spectra were recorded by Hendrik Utzat  
of the James Durrant group. 
The intensity of the transient signal correlates with the amount of porphyrin present 
which shows similarities to the photoluminescence quenching behaviour (see above). For 
the transient signal, a higher porphyrin concentration leads to an increase in the intensity of 
the transient absorption. Moreover, when comparing the change in absorption intensity 
with the change in photoluminescence intensity (Figure 3.17), one can see a clear 
connection between the decay in photoluminescence decay and the rise of the new triplet 
species: The strong quenching of the polymer PL signal goes hand in hand with the 
increasing concentration of this new excited state species. 
The non-zero ISC efficiency observed for the porphyrin-free polymer 3.12 is worth 
highlighting and it can be ascribed to one of two reasons: residual Pd-catalyst could 
potentially introduce ISC to the polymer system directly through platinum SOC or indirectly 
via palladium-sulphur-sensitisation; similarly the presence of higher-homologue sulphur 
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atoms in itself could induce ISC on the polymer backbone possibly through its own, much 
weaker spin-orbit coupling effect. 
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Figure 3.19 - Absorption decay spectra of the TTP polymers; inset: signal quenching under oxygen atmosphere; spectra 
were recorded by Hendrik Utzat of the James Durrant group. 
Absorption decay spectra were recorded at 800 nm, the absorption maximum for the 
new species (Figure 3.19). The experiment was conducted at 800 ns after photoexcitation at 
an excitation wavelength of 420 nm and the spectral behaviour was studied over time under 
nitrogen atmosphere. 
For the three polymers 3.12, 3.15 and 3.16 the absorption decay from their starting 
intensity was recorded. The signal decayed on the microsecond time-scale. Furthermore, all 
three signals were quenched in the presence of oxygen, as represented by the absorption 
decay spectra of 3.16 under nitrogen and oxygen atmosphere (Figure 3.19, inset). Molecular 
oxygen is a natural triplet molecule due to its two unpaired electrons in the electronic 
ground state and the quenching of the absorption signal by oxygen therefore gives strong 
indication that this absorption stems from polymeric triplet states which exist in nitrogen 
atmosphere but are neutralised by triplet oxygen. 
It is worth highlighting that the transient signals observed at 800 nm (Figure 3.18) 
could be observed in all three polymers and share a similarity in the overall shape of their 
spectral features. This indicates that triplet populations generated 3.12, 3.15 and 3.16 share 
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similar, likely polymeric properties – as opposed to pure porphyrin properties. Triplet 
generation on 3.12 can be ascribed to the heavy atom effect of the sulphur atoms in the 
polymer chains and was in the following referenced to as the natural background intensity 
stemming from the polymer backbone. Exciton populations on the polymers 3.15 and 3.16 
were then compared relatively to the homopolymer exciton population. 
The incorporation of platinum porphyrin into the polymer backbone significantly 
increases the triplet signal intensity, backing the hypothesis of a platinum porphyrin-induced 
rise in the polymer triplet population. 
 Host-guest interaction and triplet lifetimes 3.4.5.1.2
The transient absorption decay of triplet excitons in porphyrin-free TTP 3.12 at 
800 nm (Figure 3.19) can be described very well with a monoexponential function, giving a 
triplet lifetime component of τTTP = 501 ± 3 ns ( Table 3.6). 
 
 Table 3.6 - Triplet life-time components of the TTP polymers, as determined by TAS.  
 τ1 [ns] τ2 [µs] 
3.12 501 ± 3 -- 
3.15 440 ± 3 3.55 ± 0.03 
3.16 380 ± 3 3.16 ± 0.03 
 
However, the decay dynamics of 3.15 and 3.16 show a very different behaviour 
compared to that of 3.12. Unlike the monoexponential behaviour of the latter, the 
porphyrin-bearing polymers can only be described using a biexponential function, with the 
lifetime components determined at τ1 = 440 ± 3 ns and τ2 = 3.55 ± 0.03 μs for 3.15 and at τ1 = 
380 ± 3 ns and τ2 = 3.16 ± 0.03 μs for 3.16. These findings proved to be a first indication that 
two triplet exciton populations, located on the porphyrin and on the polymer backbone, are 
in equilibrium†† with each other. The results presented show the successful creation of a 
                                                     
 
†† One should note that, technically speaking, polymer and porphyrin dopant triplets cannot achieve a 
truly equilibrated state since both species can decay to their electronic ground states. However, triplet 
transfers typically have a characteristic time constant of <1000 ns, which is a much shorter time scale than that 
of the total triplet lifetime (~3 µs, Chapter 3.4.5.2.1), which gives room to the proposition of a dynamic 
equilibrium before any significant decay of the excitonic species can take place. 
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host/guest-based triplet-sensitised polymer and give insights into the fundamental 
properties of the triplet exited state of the TTP polymers. 
 Ultra-fast dynamics 3.4.5.2
 Exciton formation and transfer processes 3.4.5.2.1
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Figure 3.20 - fs-TAS spectra of TTP and Pt10-TTP for different times after photoexcitation; spectra were recorded by 
Hendrik Utzat of the James Durrant group. 
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In order to further understand the excited state dynamics in more detail and to map 
the formation of the triplet exciton population, femtosecond-TAS was used to measure thin 
film samples of 3.12 and 3.16 (Figure 3.20). Among all porphyrin-bearing polymers 3.16, with 
its high platinum concentration, showed the strongest and most-defined spectral features, 
making it the ideal polymer for comparison with porphyrin-free 3.12.  
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Figure 3.21 - Excited state IR spectra of the Pt10-TTP polymer; spectra were recorded by Hendrik Utzat of the James 
Durrant group. 
The TAS spectra (Figure 3.20) for 3.12 and 3.16 were directly compared at different 
delay times. Scans were carried out in the time regime up to 5.8 ns, revealing three major 
features in neat 3.12: 
 
- At around 525 nm a negative absorption can be seen that relaxes on the 10-100 ps 
time-scale. This signal correlates to the emission band of the TTP polymer 3.12 seen 
in the photo luminescence spectra (Figure 3.17) and is therefore attributed to the 
stimulated emission of the backbone singlet exciton. 
 
- A strong, very broad signal can be observed in the spectral region above 700 nm 
which also decays within less than 300 ps to a final ΔOD of 0.0003. Excited state IR 
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spectroscopy revealed a maximum absorption in the near IR region (Figure 3.21), 
extending over a regime of several hundred nanometers. This second strong TAS 
signal was therefore attributed to the absorption of the polymer singlet exciton. 
 
- A third, very broad feature was observed at 600-800 nm with an amplitude of ΔOD = 
0.0003. This feature proved very long-lived and its absorption profile remained 
unchanged over the measured time-scale. Its shape and wavelength further match 
the transient absorption profile (Figure 3.18) of 3.12 at 800 ns after photoexcitation. 
It can therefore be attributed to the triplet exciton on the TTP polymer backbone. 
 
While the porphyrin-bearing 3.16 polymer bears an overall similarity in spectral 
features to 3.12 it exhibits significant differences in its features. An additional, narrow 
absorption feature can be resolved at around 510 nm (Figure 3.20, arrow).  
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Figure 3.22 - Dynamics of spectral features of the stimulated emission and the photoinduced triplet-absorption of the 
TTP polymers; dynamics were recorded by Hendrik Utzat of the James Durrant group. 
This added, negative absorption – best seen at delay times of 85 and 275 ps after 
photoexcitation – was assigned to the Pt-porphyrin’s ground state bleach (GSB). Ground 
state bleach occurs when the ground state population has been transferred to the excited 
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state by a prior excitation process. The ground state then cannot absorb any further 
photons, only excitonic emission can be detected which manifests itself as a negative feature 
in the absorption spectra. Heavy metal porphyrins undergo inter-system crossing (ISC) on a 
sub-1 ps time-scale. The fact that this feature at 510 nm can be detected for as long as 
275 ps allows for the GSB to be attributed directly to the triplet exciton population.230–232 
The triplet transient absorption dynamics for 3.12, 3.15 and 3.16 polymer backbones 
were adjusted for singlet contributions and their amplitudes plotted over a logarithmic time-
scale alongside the GSB (Figure 3.22). The lower part of the figure shows the polymer singlet 
stimulated emission (λexc = 525 nm) which was used to quantify the singlet exciton 
population. 
For 3.12 (Figure 3.22, black) the relaxation in singlet stimulated emission and the rise 
in absorption for the triplet exciton coincide. It is important to note that the increase in 
triplet absorption and the decay in singlet stimulated emission take place at the same point 
in time; both can furthermore also be described with monoexponential functions that use a 
shared time constant of 48.0 ± 1.4 ps - a value that aligns well with the lifetime of other 
polythiophene-based polymers such as P3HT.233 These findings are a strong indicator that a 
direct conversion takes place from the polymer singlet population into the guest triplet 
population. 
Compared to 3.12 the onset of the stimulated emission decay for 3.16 (Figure 3.22, 
orange) was observed at a much earlier point in time (t < 10ps). This onset roughly co-incides 
with the appearance of the guest dopant ground state bleach (Figure 3.22, pink), firmly 
linking the singlet stimulated emission and the emerging triplet population on the porphyrin 
guest.  
The rise in triplet population for the host, on the other hand, takes place at a 
significantly delayed point in time (t = 354 ps), co-inciding with the decay of the guest GSB. 
This second component observed in the triplet generation indicates the creation of a new, 
polymeric triplet population which is directly fed from the triplet population on the guest 
dopant. This further substantiates the theory that the two triplet populations co-exist in a 
dynamic equilibrium and the spin conservation affirms the Dexter-type mechanism of the 
back transfer. 
The overall triplet generation can thus be described in two parts (Figure 3.23): the 
TTP singlet transfer (~25 ps) by a Förster Resonance Energy Transfer with immediate 
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quenching through the heavy metal complex on the femtosecond scale and the Dexter 
Electron Transfer of the newly formed triplet exciton population back onto the TTP 
backbone (354 ps). 
 
Figure 3.23 - Schematic representation of the exciton transfers between the TTP polymer host and the porphyrin guest 
dopant. 
The back transfer results are in good agreement with the time constant found in 
polyfluorene-Iridium complex blends (τ = 0.28 ns). Due to the covalent nature of their 
attachment, the porphyrin dopants can be assumed to be homogeneously distributed within 
the polymer bulk. This allows for the use of a single exponential function to describe its GSB 
decay as well as the related triplet exciton back transfer, fully completing after 1087 ± 
104 ps. The DET thus forms the rate-limiting step in the polymer triplet formation. It should 
be highlighted that the total triplet lifetime observed in the 3.16 polymer exceeded 3 µs – a 
value much higher than that of 3.12 (500 ns). The increased triplet lifetime can be directly 
attributed to the delayed back transfer from the porphyrin moiety. 
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 Triplet equilibrium and triplet energy level 3.4.5.2.2
 
Figure 3.24 - Proposed excited state pathway for the formation of polymer triplet excitons. 
As mentioned above, the triplet exciton decay for 3.12 followed a monoexponential 
decay with a lifetime of ~500 ns, as opposed to 3.16 which followed a biexponential decay 
and exhibits a much increased lifetime (> 3 µs). The excited state lifetime of neat platinum 
porphyrins typically measure in excess of 40 µs, so the observed lifetime of 3.16 lies in 
between those two values.234 This change in lifetime originates from the strong interaction 
between these two distinct triplet populations that are located on the porphyrin complex 
and on the polymer and from the subsequent time-delayed back-transfer onto the TTP 
polymer chain (Figure 3.24). 
The resulting equilibrium for the triplet exciton back transfer was further quantified 
to give a ratio of about 30:70 between porphyrin and polymer triplet population, 
respectively. It explains the prolonged polymer triplet lifetime as a direct result of the 
interaction of the two triplet populations. The efficiency of the triplet exciton back transfer 
was determined by comparing the Pt-porphyrin GSB at 5.5 ns and 30 ps, leading to a very 
high efficiency for the overall triplet exciton generation for 3.16 of ~60 %.  
Triplet-triplet equilibria have so far only been observed for conjugated small 
molecules, to the best of our knowledge this is the first time that this has been shown in 
conjugated polymers.235,236 The changes in triplet lifetime and in the increased TTA through 
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localised triplet concentration observed in 3.16 are of very high importance for TTA-UC 
layers where a low mobility and high lifetimes are required for high annihilation rates and 
upconversion efficiencies. 
Using a Boltzmann distribution the triplet free energy level of the polymer was 
calculated and found to be by ~0.06eV lower in energy than the triplet free energy level of 
the Pt-porphyrin moiety. Taking the phosphorescence emission maxima of platinum (II) 
tetraphenylporphyrin 2.4 at 1.86eV the polymer triplet energy level can be estimated at 
~1.93 eV, and the polymer singlet-triplet gap at 0.65 eV. This is in good agreement with 
literature reports suggesting that the exchange energy in conjugated polymers is 
approximately 0.7 eV.66,67 
 Triplet diffusion length 3.4.5.2.3
 
Figure 3.25 - Triplet exciton decay dynamics at different initial triplet densities for the 10% TTP polymer; 
in-set: neat TTP. 
To determine the exciton diffusion lengths the triplet exciton decay dynamics of 3.12 
and 3.16 were studied and the excitation densities were recorded using µs-TAS (Figure 3.25). 
The highest triplet exciton density in 3.12 was measured right after photoexcitation. It 
equaled an initial mean separation between the triplets of LD = 12.4 nm. Since no triplet-
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triplet annihilation was observed this value serves as an upper limit for the triplet exciton 
diffusion length. 
For 3.16 the triplet exciton decay was found to be independent of the initial 
population density for concentrations of up to 2.5×1017 cm-3. Higher concentrations, i.e. 
triplet exciton densities of 4.6×1017 cm-3 and above, were found to quench the signal. This is 
in contrast to the observations on the porphyrin-free TTP polymer 3.12 for which no changes 
in the triplet decay dynamics are observed even at concentrations of 5.2×1017 cm-3. The 
changes observed in the triplet decay of the 3.16 polymer are therefore likely linked to the 
onset of triplet-triplet annihilation which led to the triplet exciton signal intensity being 
quenched. 
The triplet diffusion length of LD < 12.4 nm shows that triplet excitons are strongly 
localised in neat 3.12 and can be only encountered close to their place of origin. In the 
specific case of the triplet exciton population formed by Pt-induced ISC, i.e. for 3.16, this 
means that triplet states are predominantly localised adjacent to the platinum porphyrin 
complexes. This triplet localisation near the guest dopants constitutes a major difference to 
the more homogeneous distribution of triplets expected in the neat polymer bulk of 3.12. 
Consequently, the probability of triplet-triplet annihilation (TTA) is much higher in 3.16 
where the local triplet density in the vicinity of the porphyrin dopant is effectively higher 
than the macroscopic values given in Figure 3.25, explaining the observed quenching 
behaviour. 
3.4.6 Computational analysis  
Exited state transitions can generally be calculated very precisely using TDDFT, 
however, one must always consider that both the limitations of the chosen computational 
method as well as small changes in the molecular structure can hugely influence the 
precision of the results, highlighting the importance of experimental data for reference.237 
The majority of excited state analysis found in literature is fundamentally concerned 
with singlet excited states, due to their much more readily determined properties. This has 
allowed for extensive benchmarking of the functionals used in the calculation of singlet 
excited states of organic molecules.238–240 These benchmarks of the quantum chemical tools 
and their subsequent optimisation allow for the good balance between high precision and 
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cheap computational cost in DFT methods and offer a viable alternative to more costly multi-
reference methods.239 
For triplet excited states experimental data is much more difficult to obtain and the 
reliability of the computed results for large systems could therefore not yet be extensively 
tested in benchmarks. Moreover, the precision to which triplet states can be calculated in 
the TDDFT framework is much more susceptible to how the respective mathematical code is 
implemented in the computational software, highlighting the importance of further 
experimental and computational studies of triplet excited states.241 
 
Figure 3.26 - LUMO (above) and HOMO (below) of neat TTP. 
The polymers were modelled using DFT and the B3LYP hybrid functional with the 6-
31G(d,p) basis set; the platinum atoms were parametrised using the LANL2DZ basis set. 
Tetrameric structures were used, with methyl groups approximating the polymer side 
chains. Geometry optimisation was conducted on the model structure of neat 3.12 (Figure 
3.26) and on the model structure of 3.15 (Figure 3.27), i.e. the TTP polymer bearing 5% 
platinum porphyrin. The latter was chosen as a representative for the porphyrin-bearing TTP 
polymers; it is the polymer with highest porphyrin content while still reflecting the 
properties of the majority of porphyrin-bearing TTP polymers (Table 3.7). It is worth 
highlighting that a dopant concentration of 5 % in the polymer bulk has been shown to be 
optimal in OPV applications.104,109,242  
The optimised geometries were then used to compute the excited state properties. 
For this TDDFT calculations were run to assess the first ten excited states for singlet and 
triplet excitations, respectively. The properties of the free platinum (II) tetraphenylporphyrin 
2.4 were also computed for comparison. 
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Figure 3.27 - LUMO (above) and HOMO (below) of porphyrin-bearing TTP. 
The geometry optimisation of 3.12 shows a minor twisting of the backbone between 
the phenyl and thiophene moieties; however the dihedral angle is still small enough to allow 
for the formation of an extended π-structure, as can be seen by the extension of HOMO and 
LUMO orbital along the full polymer backbone (Figure 3.26). For 3.15 the HOMO and LUMO 
were found to be located on the polymer “arms” and the porphyrin respectively (Figure 
3.27). This is in good agreement with the acceptor-nature of the platinum porphyrin and its 
influence can also be seen for higher lying orbitals (Appendix E). 
The transitions from the ground state into the excited singlet and triplet states for 
3.12, 3.15 and free platinum tetraphenylporphyrin 2.4 were determined and compared to 
the experimental results (Table 3.7). For 3.12 the triplet excitation was calculated at 1.92 eV 
which is in very good agreement with the experimental TAS data (Chapter 3.4.5). Similarly, 
the calculated transition from the ground state into the singlet excited state aligns very well 
with the experimental data. The data for the porphyrin-bearing polymer 3.15 and the 
platinum porphyrin 2.4 compares well to experiment. 
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Table 3.7 - Calculated excitation energies for the S0-S1 and S0-T1 electronic transitions.‡‡ 
 3.10 3.15 2.4 
S0-T1 1.92 eV (~1.93 eV)a) 
1.83 eV 
(~1.93 eV)a) 
1.86 eV 
(1.86 eV)c) 
S0-S1 2.66 eV (2.57 eV)b) 
2.46 eV 
(2.55 eV)b) 
2.26 eV 
(2.49, 2.36 eV)d) 
 
Overall, the quantum mechanical approach in determining the excited state 
properties of neat and porphyrin-bearing TTP polymers resulted in data with a good overall 
precision and could potentially be used as one step in screening for suitable materials for use 
in polymeric host-guest systems. 
3.4.7 Conclusion 
The successful synthesis of TTP via Suzuki-cross coupling polymerisation was shown 
and platinum porphyrin was covalently incorporated in concentrations of 1, 2, 5 and 10 %. 
The polymers were analysed using transient absorption spectroscopy. This allowed following 
the complete creation pathway of the polymer excitons. First, a singlet excited state 
population was created through absorption; it could be shown that the emission decay of 
porphyrin-free and porphyrin-containing TTP differed majorly, with the guest-bearing 
polymer achieving a much reduced emission. The emission decay characteristics of the 
porphyrin-containing TTP was then analysed and it showed to be directly linked to the rise of 
a triplet species at 800 nm wavelength. This observation could be shown to stem from a 
host-to-guest transfer of the excited singlet population followed by instantaneous inter-
system crossing into the triplet manifold. By comparing the femtosecond TAS measurements 
of the 0, 5 and 10 % TTP polymers 3.12, 3.15 and 3.16 a biexponential decay was found for 
the porphyrin-bearing polymers and an equilibrium between the host and guest triplet 
states could be shown, weighted at 70 % and 30 %, respectively. 
The full pathway for the formation of polymer triplet excitons was successfully 
mapped: from the absorption, to the Förster transfer, ISC and back-transfer. The Dexter-type 
back-transfer was determined to be the rate-limiting step. Using the obtained data triplet 
                                                     
 
‡‡ The experimental values, given in brackets, were determined using: a) fs-TAS; b) UV-Vis absorption 
onset (solution); c) PLmax (solution); d) UV-Vis absorption onset of both Q bands at 539 and 525 nm. 
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exciton properties could be determined, such as diffusion length for the singlet excitons at 
2.7 ± 0.4 nm as well as an upper limit for the triplet diffusion length at 11.8 nm. The triplet 
energy of TTP was determined at 1T = ~1.93 eV. The polymer was modelled using TDDFT, 
describing the triplet state within an accuracy of ±0.1 eV. 
These results prove the strength and reliability of the chosen approach in 
determining the triplet properties of semi-conducting polymers, making it an ideal tool-set 
for the further excited state analysis of polymeric systems. 
 PPV polymers 3.5
3.5.1 Material requirements 
 
Scheme 3.12 – PPV polymer; R: alkyl group. 
Poly(para-phenylenevinylenes) (PPVs) were the first polymers to ever be successfully 
used in polymer organic solar cells and since the initial report by Sariciftci et al. in 1993 PPVs 
have been studied extensively for their optoelectronic properties (Scheme 3.12).1 Yet again, 
very little is known about the triplet energies of PPVs, making them an ideal polymer class to 
study. PPVs are also well-known for offering precise control over bulk morphology via side-
chain engineering, allowing for studies of polymer triplet properties as a function of polymer 
crystallinity. 
Poly(para-phenylenevinylene) polymers can be characterised by the side chains they 
carry and can commonly be classified by one of two categories: symmetrical or asymmetrical 
PPVs. Symmetrical side chains in PPVs are known to induce more rigid chain conformation 
and a stronger inter-chain interaction, typically resulting in more crystalline materials.243,244 
Symmetrical PPVs tend to have overall lower solubilities and usually require much more 
involved processing steps. These obstacles can be overcome by changing the processing 
parameters (solvent, heat) or by using processing techniques such as the precursor 
method.245 In a comparison between the pristine polymer bulks of the symmetrical 
PDHeOPV and the asymmetrical MDMO-PPV the symmetrical polymer was found to have a 
higher hole mobility, a direct benefit of the higher structural order and increased inter-chain 
electronic overlap for the symmetrical polymer.22 Hole mobilities in symmetrically 
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substituted PPV polymers are also much less likely to be negatively affected by blending with 
crystalline fullerene materials than comparable asymmetrical PPVs.246,247 Another 
symmetrical conjugated polymer, DOO-PPV, has furthermore shown interesting properties 
in singlet fission, using hot excitons to circumvent energy limitations usually encountered in 
singlet fission processes.248 
Asymmetrical PPVs tend to be more amorphous and also more soluble than their 
symmetrical counterparts, resulting in a higher processability, and they are subsequently 
used in a wide range of applications. The most notable example for asymmetric PPVs is 
MEH-PPV, whose structural motif has been successfully used in OLED249 and TTA-UC250 
application but which also served as active material in OPV polymer/porphyrin blends.103,251 
The latter examples suffer from problems encountered with porphyrin aggregation due to 
the mismatch in crystallinity. This can be overcome by either choosing more crystalline 
polymers and finely blending them with the crystalline guest materials or by covalent 
incorporation of the porphyrin. PPVs have also been used in an effort to boost triplet exciton 
diffusion lengths in bilayer OPV devices, using a platinum porphyrin donor layer to induce 
the necessary change in electronic structure.252 
 
Scheme 3.13 - Proposed Gilch monomer structures; R: alkyl group, X: halide, M: metal ion. 
PPVs have been synthesised using a number of different reactions, such as Gilch39, 
Heck253, Knoevenagel254, Horner-Wadsworth-Emmons (HWE)255 and Suzuki256 
polycondensation reactions. Of these, the Gilch210 and HWE58 polycondensations have been 
reported to copolymerise with porphyrin-monomers and were therefore chosen for the 
creation of PPV-porphyrin host-guest polymers. 
 
117 
Both reactions offer specific advantages, the Gilch reaction offers high molecular 
weight PPVs while the HWE reaction allows for a higher flexibility in the structural motifs. 
Due to the high polymer weights that can be obtained, the Gilch polymerisation was chosen 
for the synthesis of porphyrin-PPV copolymer host-guest systems. Both reactions found 
application in the course of this work. The synthetic details of the Gilch polymerisation of 
PPVs are discussed in Chapter 3.5.2 while the HWE polymerisation is shown in Chapter 3.5.3. 
They are both introduced in the paragraphs below to present all relevant material 
requirements discussed in Chapter 3.5. 
For the Gilch pathway the synthesis of a bishalomethylene-alkyloxy-phenylene 
monomer and an accordingly substituted 10,20-dihalomethylphenyl-5,15-dimesityl-
porphyrin seemed most suitable (Scheme 3.13). 
It was decided to use the classic Gilch conditions, for which tetrabromomethane 
(CBr4) promised to be the most effective additive in order to control the molecular weight 
and avoid potential microgelation effects.47 After verifying the successful porphyrin synthesis 
a suitable metal for the porphyrin complexation could then be determined, allowing to take 
into account the energetic requirements set by the PPV polymer.  
 
Scheme 3.14 - Proposed Horner-Wadsworth-Emmons monomer structures; R: alkyl group, M: metal ion. 
For the HWE pathway it was necessary to design aldehyde- and diethylphosphonate-
bearing phenylene monomers (Scheme 3.14). For the porphyrin a potential introduction of 
aldehyde functionalities was discarded due to the oxidative nature of the necessary reaction 
conditions. Oxidative reactions have often been used to functionalise the porphyrin core, 
which in the functionalisation of the porphyrin meso-substituents would potentially 
introduce undesirable side reactions.257,258 Instead, the introduction of diethylphosphonate 
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groups via the Arbuzov reaction was considered. Similar structures have been reported and 
the substitution with phosphonate groups promised to be the most feasible approach to 
porphyrin functionalisation.58,59 
Due to the limited triplet diffusion lengths encountered in TTP polymers (Chapter 
3.3), polymers with an increased crystallinity were sought. These requirements were fulfilled 
by the symmetrically substituted dioctyloxy-substituted PPV monomers.259 
3.5.2 PPV synthesis (Gilch) 
 Porphyrin synthesis 3.5.2.1
 
Scheme 3.15 - Synthesis of the 10,20-bis(4-halomethylphenyl)-5,15-dimesitylporphyrins. 
Two freebase porphyrins were synthesised, 10,20-bis(4-chloromethylphenyl)-5,15-
dimesitylporphyrin 3.21 and 10,20-Bis(4-bromomethylphenyl)-5,15-dimesitylporphyrin 3.22 
(Scheme 3.15). In the first step of a two-step reaction the respective halogenated 
benzonitriles 3.17 and 3.18 were reduced to the benzaldehydes 3.19 and 3.20 via dropwise 
addition of DIBAL-H in anhydrous chlorobenzene at -41 °C, following a literature 
procedure.260 After warming to room temperature the reaction mixture formed emulsions, 
an observation often found with aluminium-based reducing agents.261,262 The emulsion was 
separated by adding a saturated Rochelle’s salt (20 ml) solution and ethyl acetate and 
stirring overnight. Recrystallisation was conducted in hexane where necessary and the 
products were afforded as white solids. The porphyrin formation, was conducted under 
similar conditions to those shown in Chapters 2.3.1 and 3.3.1, affording the freebase 
porphyrins 3.21 and 3.22 as purple powders in reasonable yields. The successful syntheses 
were verified by 1H NMR. 
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Reports have shown the reactivity of both porphyrin homologues to be 
indiscriminate in the Gilch polymerisation. The formation of the bromo-substituted 
porphyrins was, however, found to lead to a higher number of successful reactions than its 
chlorinated homologue. While both porphyrins were used, the 4-bromomethylbenzene-
substituted porphyrin ultimately formed a preferential synthetic pathway. 
 
Scheme 3.16 - Palladination of the Gilch porphyrin monomer. 
With the goal of synthesising palladium (II) 10,20-bis(4-chloromethylphenyl)-5,15-
dimesitylporphyrin 3.23a the freebase 10,20-Bis(4-chloromethylphenyl)-5,15-
dimesitylporphyrin 3.21 was then complexed using palladium acetate (Scheme 3.16). 
 
Scheme 3.17 - Platination of the Gilch porphyrin monomer. 
The reaction conditions were identical to those used previously for the synthesis of 
platinum porphyrins (Chapter 2.3.1.2), reacting the starting materials in chlorobenzene 
under reflux. However, when trying to remove excess inorganic salts using a short silica 
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column the crude product could not be separated but remained on the baseline. Therefore 
the product 3.23a could not be isolated.  
In order to find out the reason for the failed reaction, the reaction was repeated 
using platinum chloride to synthesise platinum (II) 10,20-bis(4-chloromethylphenyl)-5,15-
dimesitylporphyrin 3.24 (Scheme 3.17). However, the same problems were encountered and 
3.24 could not be isolated, indicating that the reason for the failed reaction can likely not be 
found with the use of palladium. It seemed more probable that the reaction temperature 
was too high for the relatively labile chlorine substituents in the benzylic positions. One 
possible explanation is that the porphyrin started oligomerisation which would explain the 
inability to elute the crude product from silica gel. 
 
Scheme 3.18 - Low-temperature palladination of the Gilch porphyrin monomer. 
With the aim of reducing the temperature, the reaction conditions were changed and 
the reaction was conducted in chloroform under reflux conditions (61 °C), following a 
literature procedure (Scheme 3.18).263 The freebase porphyrin 3.21 was successfully 
converted to palladium (II) 10,20-bis(4-chloromethylphenyl)-5,15-dimesitylporphyrin 3.23b. 
Reaction completion was monitored using UV-Vis spectroscopy (Figure 3.28) and the crude 
product was purified using a short silica column to remove inorganic residues. The solvent 
was removed under reduced pressure and the crude product sonicated in methanol and 
filtered off, affording 3.23b as an orange solid. The successful reaction was verified by NMR 
and UV-Vis spectroscopy. 
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Figure 3.28 - UV-Vis absorption spectra of the freebase and palladinated Gilch porphyrins (chlorobenzene solution). 
In the 1H NMR spectra the successful complexation can be shown by the 
disappearance of the pyrrolic N-H signal in the negative regime; in the UV-Vis spectra the 
complexation leads due to a reduction from four to two Q-bands due to the change in 
bonding symmetry. 
 PPV homopolymer 3.5.2.2
 
Scheme 3.19 - Synthesis of the Gilch monomer. 
The PPV monomer synthesis started with the alkylation of hydroquinone 3.25 using 
1-bromooctane and potassium carbonate in anhydrous DMF (Scheme 3.19). 1,4-
bis(octyloxy)benzene 3.26 was obtained as a yellow solid.264 The diether 3.26 was then 
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reacted in a chloromethylation reaction with paraformaldehyde, HCl and acetic anhydride to 
give 2,5-bis(chloromethyl)-1,4-dioctyloxy-benzene 3.27 as a white solid. The successful 
syntheses were verified by 1H NMR spectroscopy. 
 
Scheme 3.20 - Gilch polymerisation of PPV. 
Gilch polymerisations of 3.27 were initiated with potassium tert-butoxide base 
(Scheme 3.20). CBr4 was used as an additive to control the polymer molecular weight.47 To 
achieve the lowest feasible molecular weight, the reaction was conducted using different 
amounts of KOtBu initialiser and CBr4 additive (Table 3.8). The first PPV polymer batch 3.28a 
was synthesised using 0.5 equivalents CBr4 and a total of 4.6 equivalents KOtBu base. The 
base was added in two steps, 1.3 equivalents were added initially and the reaction stirred for 
10 min to form the optimal concentration of activated monomers, then the rest of the base 
was added and the reaction stirred at 98 °C for 2h. After cooling, water was added under 
vigorous stirring and HCl and MeOH were added to neutralise and dissolve left-over base. 
The crude was filtered, dried and redissolved in THF at 68 °C.  
 
Table 3.8 - Different reaction conditions for the Gilch polymerisation. 
 CBr4 
[equiv.] 
KOtBu 
[equiv.] 
MN 
[kg/mol] 
MW 
[kg/mol] 
PDI yield 
3.28a 0.5 4.6 80.0 188.3 2.35 40 mg 
(60 %) 
3.28b 0.5 5.6 53.5 105.3 1.97 60 mg 
(72 %) 
3.28c 0.6 4.6 2.3 3.45 1.47 ~1 mg 
3.28d 0.5 4.6 39.4 87.8 2.08 60 mg 
(72 %) 
3.28e 0.5 5.6 28.9 43.9 1.52 62 mg 
(75 %) 
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After cooling to 40 °C, the polymer was precipitated by dropwise addition of MeOH. 
The polymer was then washed with cold MeOH and dried under reduced pressure, affording 
a red polymer. The molecular weight for 3.28a was determined at 80 kg/mol. 
This value is much lower than the reported values for additive-free Gilch 
polymerisations and in very good agreement with reports on the use of CBr4 in Gilch 
reactions. However, the polymer turned out to be majorly insoluble. For the GPC 
measurements the polymer was dissolved in hot chlorobenzene and cooled to room 
temperature, before it was filtered through a syringe with filter (0.2 µm). Most of the 
polymer remained in the filter, clogging it up. Reports have highlighted the reduced 
solubility and strong inter-molecular interaction of PPV polymers (microgelation) and it was 
decided to further reduce the molecular weight to increase solubility as well as ease of 
handling. Due to the low solubility NMR or UV measurement were not routinely measured 
for this batch of PPV polymers. 
To further decrease the molecular weight, two polymerisation reactions were 
conducted, increasing the amount of KOtBu base (3.28b) and CBr4 (3.28c). An increased 
concentration of base led to a lowered polymer molecular weight. This is likely due to an 
increased concentration of chain-starting monomers that would lead to overall more, but 
shorter, polymer strands at 53.5 kg/mol. On the other hand, an increase in CBr4 resulted in a 
negligible yield and a drastic reduction of the polymer molecular weight to 2.3 kg/mol. The 
colour of the polymer formed was yellow, which was in stark contrast to the red polymers in 
this batch and highlights the low molecular weight. The further increase of CBr4 additive 
seemed to inhibit the reaction and its concentration was therefore limited to 0.5 
equivalents, respective to the monomer. 
For polymers 3.28d and 3.28e a fresh batch of potassium tert-butoxide base was 
used, resulting in overall lower molecular weights. This can be explained by an increased 
concentration in chain-starting monomers. However, the relative differences in molecular 
weights remain very comparable and dependent on the base concentration. The molecular 
weight of 3.28e was low enough to allow for a successful separation via Soxhlet extraction 
using MeOH, hexane and DCM. The DCM fraction was then further analysed and the 
successful synthesis could be shown using 1H NMR spectroscopy. 
Even so, re-precipitation of the polymer reproducibly rendered the polymer more 
insoluble, leaving a red film behind on the glass vessels used; the residues could only be 
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removed physically after soaking the vessel in a base bath overnight. One possible 
explanation for this behaviour would be that precipitation induces a planarisation in the 
polymer chain, rendering the polymer partially insoluble. 
 
Figure 3.29 - Comparison of the UV-Vis absorption of porphyrins with different metal functionalities (chlorobenzene 
solution) and the PPV polymer emission (thin film); Ar: aryl group.. 
The polymer was used to spin-coat thin films and absorption and photoluminescence 
spectra were recorded. The polymer emission was analysed and compared to the UV-Vis 
solution spectra of different metal porphyrins, i.e. platinum, palladium and zinc 
tetraarylporphyrins (Figure 3.29). The absorption profile of the palladium- and zinc-
complexed porphyrins was further red-shifted than that of the platinum tetraarylporphyrin, 
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potentially providing a better energetic overlap with the PPV polymer emission. The focus 
was therefore laid on synthesising palladium and zinc porphyrins. 
 PPV copolymerisation 3.5.2.3
 
Scheme 3.21 - PPV copolymerisation. 
The PPV copolymerisation was conducted using the Gilch polymerisation procedure 
implemented for the homopolymer 3.28. A batch of three reactions was conducted, using 
100 mg starting material per repeat unit each. For each reaction the platinum porphyrin 3.23 
was added at differing feed ratios of either 0.06 or 0.10 equivalents and was reacted with 
the PPV monomer 3.27. The influence of the feed ratio and the concentration of the base on 
the molecular weight was then further studied (Table 3.9). 
 
Table 3.9 - Comparison of polymer physical properties. 
 CBr4 
[equiv.] 
KOtBu 
[equiv.] 
Porphyrin 
[equiv.] 
MN 
[kg/mol] 
MW 
[kg/mol] 
PDI yield 
3.29a 0.5 4.6 0.10 27.4 54.8 1.96 30 mg (30 %) 
3.29b 0.5 5.1 0.10 12.4 26.1 2.10 20 mg (20 %) 
3.29c 0.5 5.1 0.06 46.3 137.3 2.96 28 mg (28 %) 
 
Three polymers of differing molecular weights were obtained. All three reactions 
resulted in orange polymers with acceptable yields. The PPV (co-)polymer 3.29a was 
synthesised using 0.5 equivalents CBr4 and 4.6 equivalents KOtBu. The addition of 10 % of 
porphyrin reduced the polymer molecular weight to 27.4 kg/mol, noticeably lower than the 
39.4 kg/mol achieved for the homopolymer. Further increasing the amount of base used, the 
molecular weight could be reduced to 12.4 kg/mol for the copolymer 3.29b. Due to the low 
molecular weight, 3.29b was not further separated into fractions. It was however washed 
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using soxhlet extraction with acetone and petrol benzene. The polymer fraction could then 
be completely dissolved in hot DCM. In a third reaction the porphyrin feed ratio was 
reduced, leading to PPV 3.29c with a higher polymer molecular weight of 46.3 kg/mol. 
This shows that the molecular weight of the PPV polymers can be finely tuned to the 
desired molecular weight and that the reducing effect the porphyrin incorporation has on 
the molecular weight can be compensated for if needed. As a rule of thumb it was found for 
PPV polymers that achieving molecular weights below 50 kg/mol would help avoid most 
solubility issues. It should be highlighted, however, that even at these lower molecular 
weights the re-precipitation of the PPV polymers or their transfer between different glass 
containers generally led to residual polymer film formation on the glassware which could 
only be removed by a combination of base bath treatment and physical removal. One 
possible explanation for this partial polymer insolubility is an increased polymer 
planarisation upon transfer into the solid state. 
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Figure 3.30 - UV-Vis absorption spectra of the PPV polymer (chlorobenzene solution) before (black) and after (red) 
purification. 
All three polymers were analysed using 1H NMR, with two typical signals showing at 
7.52 and 7.19 ppm – most likely being the phenylic protons experiencing different chemical 
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envionments due to their relative orientation to the vinylene bond. 3.29a was separated 
using soxhlet extraction and high resolution spectra were recorded for the DCM and CHCl3 
fractions. However, no porphyrin incorporation could be seen. 
The UV-Vis analysis for the non-fractioned polymer 3.29b showed residual porphyrin 
starting material at 421 nm (Figure 3.30 which was removed using the soxhlet extraction 
process as a purification step and analysing the DCM fraction. The complete absence of 
residual, free porphyrins was verified using a spectral overlay of the 1H NMR spectra for the 
porphyrin starting material and the final polymer after precipitation (Appendix B), indicating 
that much of the starting material didn’t react in the first place.  
The 1H NMR integral of the porphyrin signals were used to calculate the residual 
porphyrin concentration before purification step at 6 mol-% per repeat unit. Considering the 
strong signal intensity of the free porphyrin even after the precipitation step, it is very likely 
that the porphyrin didn’t react at all. 
The PPV polymer 3.29b was synthesised and purified by soxhlet extraction using 
hexane, DCM and CHCl3. Only for the DCM fraction the typical PPV polymer signals were 
found at 7.47 and 7.14 ppm. While a number of impurities could be seen, none seemed to 
indicate the incorporation of porphyrin. 
None of the three copolymerisation reactions showed any evidence of a successful 
porphyrin incorporation into the PPV polymer backbone. One possible explanation for the 
inability of incorporating porphyrins into the polymer might be the difference in activation 
energies between the two co-monomers 3.23 and 3.27. In absence of any catalyst the 
energetic difference might be so significant that porphyrin incorporation is not kinetically 
viable. It is unknown whether the porphyrins can take on electronic structures that are 
energetically or structurally equivalent to the quinoidal structure of the activated phenylene 
monomers. It therefore seemed feasible to look into the use of the HWE polycondensation. 
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3.5.3 PPV synthesis (Horner-Wadsworth-Emmons) 
 Porphyrin synthesis 3.5.3.1
 
Scheme 3.22 - Synthesis of the zinc (II) 5,15-dimesityl-10,20-bis(4-bromomethyl-phenyl)porphyrin. 
Zinc (II) 5,15-dimesityl-10,20-bis(4-bromomethyl-phenyl)porphyrin 3.30 was 
synthesised by refluxing the freebase porphyrin 3.22 with Zn(OAc)2 ∙ 2 H2O in a DCM/MeOH 
solution for 1 h (Scheme 3.22). The successful synthesis was verified using 1H NMR 
spectroscopy. The zinc porphyrin showed a violet colour which makes it easy to visibly 
distinguish it from the purple colour of the freebase porphyrins and from the orange 
palladium and platinum porphyrin complexes. 
 
Scheme 3.23 - Synthesis of the HWE porphyrin monomer via Arbuzov reaction. 
Zinc(II) 5,15-dimesitylporphyrin-10,20-bis(4-methylenephenyl-diethyl¬phosphonate) 
3.31 was synthesised by refluxing zinc(II) 5,15-dimesityl-10,20-bis(4-bromomethyl-
phenyl)porphyrin 3.30 in triethyl phosphite under argon overnight (Scheme 3.23). The 
solvent was removed under reduced pressure using a rotary evaporator at water bath 
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temperatures exceeding 80 °C at low vacuum for 1 h. Recrystallisation efforts (hexane, EtOH) 
didn’t succeed in removing impurities and the product was therefore used without further 
purification. The successful synthesis was verified using 1H NMR spectroscopy and MALDI-
TOF mass spectrometry. 
 PPV homopolymer 3.5.3.2
 
Scheme 3.24 - Synthesis of the 1,4-dioctyloxy-benzene-2,5-bis(diethylphosphonate monomer. 
The PPV monomer 1,4-dioctyloxy-benzene-2,5-bis(diethylphosphonate) 3.32 was 
formed in an Arbuzov reaction, by refluxing 3.27 it in triethyl phosphite over the course of 
4 h (Scheme 3.24). 
It is worth noting that attempts at purifying the crude product using column 
chromatography or recrystallisation (hexane, EtOH, acetonitrile, petrol benzene) didn’t lead 
to any discernible improvements in purity. For column chromatography especially the ethyl 
phosphonate groups of the product and residual triethyl phosphite would lead to such a 
strong tailing of the signal that separation was not possible. It is likely that the polar 
interactions between the product and the residual triethyl phosphite solvent are too strong 
for either method to overcome. 
Ultimately, the focus was put on removing triethyl phosphite as completely as 
possible using a rotary evaporator, using water bath temperatures exceeding 80 °C and the 
lowest vacuum possible over a time period of 1–2 h. The compound was then used without 
further purification. 
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Scheme 3.25 - Synthesis of the 2,5-diformyl-1,4-dioctyloxy-benzene monomer. 
The 2,5-diformyl-1,4-dioctyloxy-benzene monomer 3.33 was synthesised from 3.27 in 
an oxidation reaction using NaOEt and nitropropane (Scheme 3.25). The reaction mixture 
was stirred under reflux conditions for 4 h. The product was recrystallised, affording the 
product as a yellow solid. 
 
Scheme 3.26 - PPV polymerisation via HWE reaction. 
For the HWE polymerisation 2,5-diformyl-1,4-dioctyloxy-benzene 3.32 and 1,4-
dioctyloxy-benzene-2,5-bis(diethylphosphonate) 3.33 were reacted in toluene under argon 
using potassium tert-butoxide as a base (Scheme 3.26). Purification was achieved using 
soxhlet extraction and the successful polymer synthesis was verified using 1H NMR 
spectroscopy, with signals at 7.33 and 6.11 ppm representing the phenylic and newly formed 
vinylic protons.  
The polymer contained a number of impurities in the range between 8.4 and 8.0 ppm 
that could not be removed through further purification steps. The exact nature of these 
impurities could not be determined but hint either at incomplete reaction or at different end 
groups, e.g. aldehydes. Mass spectrometry was conducted using a 6-aza-2-thiothymine 
matrix but didn’t show any signals in the expected range. 
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 PPV copolymerisation 3.5.3.3
 
Scheme 3.27 - Ternary reaction for the formation of PPV-porphyrin copolymers via HWE reaction. 
2,5-Diformyl-1,4-dioctyloxy-benzene 3.32, 1,4-dioctyloxy-benzene-2,5-bis(diethyl–
phosphonate) 3.33 and 5,15-dimesitylporphyrin-10,20-bis(4-methylenephenyl-diethyl-
phosphonate) 3.31 were copolymerised in anhydrous toluene under argon atmosphere 
(Scheme 3.27). The reaction was induced with potassium tert-butoxide and then stirred at 
reflux overnight. The crude polymer was fractioned using soxhlet extraction (acetone, 
CHCl3), affording the product as a red solid. The GPC data from the chloroform fractions is 
shown in Table 3.10. 
 
Table 3.10 - Physical properties of the HWE PPV polymers; FR: feed ratio, IR: incorporation ratio. 
 FR 
[mol-%] 
IR 
[mol-%] 
MN 
[kg/mol] 
MW 
[kg/mol] 
PDI yield 
3.34 -- -- 30.6 40.1 1.31 29 mg (63 %) 
3.35a 2.4 ~4 5.02 6.80 1.36 26 mg (26 %) 
3.35b 4.2 ~9 4.34 7.01 1.61 45 mg (45 %) 
 
The homopolymer 3.34 achieved a molecular weight of 30.6 kg/mol, a value that is in 
line with the values typically found for Horner-type Wittig polymerisations reported in 
literature.57,60 The molecular weight is higher than those found for asymmetric PPV 
polymers, which in the case of MEH-PPVs ranges at approximately 10 kg/mol. This difference 
is very likely due to the increase in overall side chain length, giving 3.34 an improved 
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solubility. The addition of phosphonate-bearing zinc porphyrin 3.31 in feed ratios of 2.4 and 
4.2 mol-% lead to the successful synthesis of the PPV-porphyrin copolymers 3.35a and 3.35b.  
The incorporation of porphyrin into the PPV polymer backbone could be shown using 
1H NMR spectroscopy. The integrals of the NMR signals were used to determine the 
incorporation ratios at ~4 and ~9 mol-%, in both cases roughly twice the feed ratio. The 
molecular weights dropped to about 5 kg/mol compared to the homopolymer weight of 
30.6 kg/mol. Taking the molecular weight of a phenylenevinylene repeat unit of 358.6 g/mol, 
the molecular weight were used to give an upper limit for the average polymer chain length 
of 14 repeat units. This approximation does not include any porphyrins which at a molecular 
weight of 786.3 g/mol is twice as heavy as a PPV repeat unit. It is contrasted by the average 
chain length of 86 repeat units for the homopolymer 3.34 determined from it molecular 
weight of 30.6 kg/mol which can clearly be classified as polymeric. 
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Figure 3.31 - UV-Vis absorption spectra for neat and porphyrin-bearing PPV polymers (thin film). 
Considering the chain lengths of the PPVs 3.35a and 3.35b as well as the tendency of 
GPC measurements to overestimate the molecular weight of conjugated polymers due to 
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the polystyrene standard used, they would more exactly be called oligomeric. The 
differentiation between oligomers and polymers, however, often depends on the definition 
that is applied. So, while the actual molecular weights and subsequently the chain lengths 
for 3.35a and 3.35b are relatively short, these results are well within the range of what is 
widely accepted as “polymeric” for PPVs in literature. PPVs are well-known for achieving 
very high planarity, and the accompanying reduced solubility readily explains the formation 
of low molecular weight strands. MALDI-TOF measurements were conducted but PPV 
polymers have a low propensity to ionise and desorb, so the results do not give any further 
insight into the polymer molecular weight. 
In the UV-Vis thin film absorption spectra (Figure 3.31) one can see that the lower 
molecular weight polymers 3.35a and 3.35b appear red-shifted from the neat 3.34. The 
difference in maximum absorption wavelength is ~10 nm (Table 3.11) and is a notable but 
not very big shift towards the red end of the spectrum. Typically, one would expect the 
higher molecular weight fractions to be further red-shifted, due to their potential of forming 
more extensive π-conjugation. It is interesting to see that the opposite can be observed 
here. One explanation for this might be that the shorter polymer backbones of 3.35a and 
3.35b are much less rigid and sterically less demanding, so that planarisation can occur much 
more readily. Some reports suggest that low molecular weights in PPVs can indeed lead to 
increased polymer crystallinity.265 The additional feature at 600 nm for the porphyrin-
bearing polymers is likely due to the porphyrins themselves, either directly as a slightly red-
shifted porphyrin absorption feature or indirectly via an induced, local morphology change. 
 
Table 3.11 - Optical absorption properties of the PPV polymers (thin film). 
 λmax 
[nm] 
λonset 
[nm] 
Δopt 
[eV] 
3.34 454 577 2.15 
3.35a 468 587 2.11 
3.35b 469 589 2.10 
 
It has been shown with P3HT that big differences in molecular weight can lead to 
vastly different behaviour of structurally identical polymers (Chapter 3.3) and that the 
casting and annealing conditions can majorly affect the polymer optical properties. It is 
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therefore likely that annealing of the thin films would have a noticeable impact on the 
absorption profile of these PPV polymers. Photoluminescence spectra were also recorded. 
However, the emission intensity exceeded the sensitivity of the sensor and no useable 
spectra were obtained. In both cases no further analyses were conducted due to time 
constraints. 
3.5.4 Conclusion 
The successful synthesis of PPV was shown using two different methods, the Gilch 
polymerisation and the HWE polymerisation. The Gilch polymerisations were conducted 
using CBr4 as an additive to control the molecular weight of the final polymers. PPV polymers 
synthesised using the Gilch method typically reach molecular of several hundred kg/mol. The 
use of additives allowed tuning the reaction conditions and a much more feasible and 
reproducible molecular weight range of 20–30 kg/mol was achieved. However, even at these 
relatively low molecular weights the PPV polymers still exhibited partial insolubility. Linear 
palladium porphyrins were designed which were structurally inspired by the Gilch monomers 
and bear (chloromethyl)phenyl groups as meso-substituents. The copolymerisation of the 
Gilch monomer with the porphyrin afforded PPV polymers but no porphyrin incorporation 
could be shown. It is likely that the reactivity of the porphyrin is kinetically hindered and the 
mechanistic implications pose an interesting future study. 
The HWE polymerisation reaction was then adopted, and matching monomer and 
porphyrin structures were synthesised accordingly. The successful synthesis of the Wittig 
reaction afforded the PPV polymer with a molecular weight of ~30 kg/mol, which is larger 
than – but still in line with – literature values from other PPVs. Considering the decrease in 
molecular weight that is induced by the incorporation of porphyrins into the polymer 
backbones this molecular weight gave the leeway necessary to continue with the 
copolymerisation. By incorporating zinc(II) porphyrins into the polymer backbone two PPV 
copolymers 3.35a and 3.35b were successfully synthesised, carrying 4 and 8 mol-% 
porphyrin, respectively. 
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Figure 3.32 - Overlay of the porphyrin solution absorption spectra and the polymer thin film absorption and emission 
spectra. 
The HWE reaction proved to be a reliable and very flexible method, well suited for 
the incorporation of porphyrins into host/guest-type PPV polymers. It was further shown 
that the combination of PPVs with zinc (II) porphyrins forms the a very promising energetic 
alignment and makes for a good basis for the creation of host guest systems (Figure 3.32). 
Future studies could look into the quenching ability of the porphyrin relatively to its Zn 
concentration as well as the suitability of PPV polymers with asymmetric side-chains. 
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  Chapter 4
 
 
 
 
 
Extended porphyrins for medium 
bandgap host-guest polymers 
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 Introduction 4.1
The materials discussed for use in triplet-sensitised host/guest systems thus far are 
amorphous, wide-bandgap polymers with a strong emission in the range of 500-600 nm (see 
Chapter 3). However, polymers commonly found in commercial optoelectronic applications 
are often semi-crystalline or crystalline materials with medium to small optical bandgaps and 
subsequently have more red-shifted absorption and emission spectra.  
rr-P3HT is one example of a polymer commonly used in OFET and OPV applications, 
with a strong emission at 600-700 nm (Chapter 2.4.6); other polymers, such as PBDTT-FTTE, 
PffBT4T-2OD and PTB7, show emission wavelengths close to and exceeding 700 nm.266–268 
In order to accommodate for this wide spectrum of polymer optical properties and to 
ultimately provide a good energetic overlap with guest dopants it is necessary to design 
matching dyes, such as porphyrins that absorb further in the red part of the visible 
spectrum. A range of differently absorbing porphyrins would furthermore be able to account 
for morphology-induced variations within a given polymer. 
 Material requirements and research plan 4.2
 
Scheme 4.1 - Schematic representation of a zinc porphyrin and proposed structures of quinoxalinoporphyrins 
with singly and doubly extended aromatic systems; Ar: aryl group, R: alkyl group. 
For the creation of matching porphyrin/polymer host-guest systems it is crucial to 
find porphyrins with a matching (Q band) absorption profile. In particular, higher porphyrin 
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absorption wavelengths are required to achieve a good overlap with the polymer emission. 
This can be accomplished by extending the porphyrin π-system, leading to structures like 
quinoxalinoporphyrins (Scheme 4.1). 
While porphyrins that are limited to only the core ring show absorptions of up to 600 
nm (i), the extension of the π-system by one (ii) and two (iii) quinoxalino ring systems shifts 
the porphyrin absorption onset to 630 nm and 670 nm, respectively.269 
 
Scheme 4.2 - Synthetic pathway for the proposed freebase tetramesitylquinoxalinoporphyrin, showing the porphyrin 
starting material, the chlorindione intermediate and the final product; Ar: aryl group, X: halide. 
For the incorporation of quinoxalinoporphyrins into the polymers, bromide 
functionalities were necessary, resulting in the design of the bromosubstituted porphyrin 
structure (iii) (Scheme 4.2). Starting material for (iii) is tetramesitylporphyrin (i) which needs 
to be converted to a porphyrindiketone (ii) as the central intermediate. The diketone (ii) can 
react with diamino aromatic compounds in a condensation reaction to yield the final 
porphyrin (iii). 
 
Scheme 4.3 - Proposed structure of the quadruple-extended tetrabenzoporphyrin; Ar: aryl group. 
Similarly, the tetra-annealed tetrabenzoporphyrin has an extensive π-system which 
results in an absorption onset of ~700nm (Scheme 4.3).270,271 All these examples show the 
wide range of the absorption wavelengths achievable by a carefully designed extension of 
the porphyrin π-system. 
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Scheme 4.4 - Synthetic pathway for the proposed freebase tetrabenzoporphyrin; Ar: aryl group, R: alkyl group, X: halide. 
For an incorporation of the tetrabenzoporphyrin into the polymer backbone, the 
introduction of meso-groups carrying reactive functionalities, e.g. bromides, is necessary. 
The proposed MacDonald synthesis of tetrabenzoporphyrins (iii) achieves this by proceeding 
via two key intermediates (Scheme 4.4): the hydroisoindole carbonic acid ester (i) and the 
cyclohexyldipyrromethane (ii). Both compounds can be reacted with a variety of different 
aromatic aldehydes to give meso-substituted porphyrins with an A2B2-substitution 
pattern (iii). 
 Synthesis 4.3
4.3.1 Quinoxalinoporphyrins  
 Synthetic pathway following the nitration of Pd(II) tetramesitylporphyrin 4.3.1.1
 
Scheme 4.5 - Synthetic pathway for palladium (II) quinoxalinoporphyrin, via a palladium (II) nitroporphyrin intermediate. 
In this section the synthesis pathway for palladium (II) quinoxalinoporphyrin 4.7 via 
the palladium (II) porphyrin intermediates is presented (Scheme 4.5). To this end, the 
freebase tetramesitylporphyrin 4.1 was heated with PdCl2 affording the platinum (II) 
tetramesitylporphyrin 4.2 in 88 % yield.272 The formation of the palladium complex was 
monitored using UV-Vis spectroscopy and the product formation was verified using 1H NMR 
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spectroscopy, as determined by the disappearance of the inner pyrrolic protons (-2.48 ppm). 
The compound 4.2 was then nitrated using LiNO3 in a solvent mix of CHCl3, acetic acid and 
acetic anhydride, yielding palladium(II) β-nitro-tetramesitylporphyrin 4.3.258 The substitution 
of a porphyrin proton can be observed by NMR spectroscopy. Due to its symmetry 
palladium (II) tetramesitylporphyrin 4.2 exhibited a singlet signal for the porphyrin protons 
at 8.60 ppm. The introduction of the nitro group induced a symmetry break for palladium (II) 
β-nitrotetramesitylporphyrin 4.3 which resulted in a change in chemical environment and 
led to a signal splitting from a singlet into a multiplet (Figure 4.1). 
 
Figure 4.1 - 1H NMR spectra of palladium (II) porphyrin and nitrated palladium (II) porphyrin. 
The nitroporphyrin 4.3 was then converted into its dioxidised form 4.5 in a two-step 
reaction where an amine intermediate 4.4 was formed and then converted to compound 
4.5.273 For this, 4.3 was reacted with sodiumborohydride in DCM, using palladium on 
activated carbon as catalyst. Amino-bearing porphyrins are known to be sensitive to air, 
therefore compound 4.4 was purified by using a short silica column and used directly in the 
next reaction step. Oxidation to the dione 4.5 was conducted by using a 500 W tungsten 
filament light bulb and irradiating the solution at the porphyrin absorption wavelengths. 
After two hours, the reaction was stopped and the crude was obtained by purification with 
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column chromatography. 1H NMR indicated a product mix which couldn’t be further purified 
using column chromatography or recrystallisation. However, the 1H NMR signals indicated 
that a functionalisation of the porphyrin had been achieved, with new doublet signals at 
8.05 and 7.94 ppm, similar to the reported characterisation of the compound 4.5.273 The 
light-induced oxidation proved to be very difficult to control, and therefore a new synthesis 
pathway was explored. 
 Synthetic pathway following the nitration of Cu(II) tetramesitylporphyrin 4.3.1.2
 
Scheme 4.6 - Synthetic pathway for the freebase quinoxalinoporphyrin via a copper (II) nitroporphyrin intermediate. 
Copper porphyrins have been shown to undergo nitration in comparable yields to 
palladium porphyrins.272,274 This section deals with the synthesis of quinoxalinoporphyrin 
4.13 via copper (II) porphyin intermediates (Scheme 4.6). 
Tetramesitylporphyrin 4.1 was complexed with copper (II) acetate by refluxing in a 
methanol/chloroform solvent mix, yielding the copper porphyrin 4.8.272 The subsequent 
nitration with Cu(NO3)2 gave copper (II) nitroporphyrin 4.9275 in moderate yields and the 
synthesis was verified by a combination of TLC and mass spectrometry. 1H NMR 
spectroscopy was conducted but the spectrum, as expected, showed very strong signal 
broadening due to the paramagnetic nature of the copper (II) ions. The copper ion was then 
removed by stirring the compound in a mixture of concentrated sulfuric acid and 
trifluoroacetic acid for 2 h, yielding β-nitro-tetramesitylporphyrin 4.10 which exhibited a 
very comparable signal splitting in the NMR spectrum already observed for the palladinated 
nitroporphyrin 4.3.275 
The reduction of the freebase nitroporphyrin 4.10 into its amino derivative 4.11 was 
conducted under similar conditions as for the palladium porphyrin. The intermediate was 
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then oxidised with Dess-Martin-Periodonan (DMP) in DCM in the dark at room temperature 
for 5 h to form the porphyrindione 4.12.274 The product was obtained in low yield and 
despite several purification steps using column chromatography and recrystallisation the 
product could not be afforded in high purity. It is worth highlighting that a very broad signal 
appeared in the 1H NMR spectrum at 7.02 ppm that could potentially be attributed to an 
amino species with strong solvent exchange, hinting that the amino group may not have 
completely reacted with the oxidiser. 
On repeating the synthesis pathway the nitration reaction reproducibly only gave 
very low yields. This even held true when increasing the reaction time and adding the more 
nitrating agent. Due to the inability of using 1H NMR for analysis it was impossible to 
quantify the conversion rate of copper (II) porphyrin 4.8 into copper (II) nitroporphyrin 4.9. It 
was also difficult to determine if the strongly acidic conditions that were necessary for the 
removal of the copper ions in the subsequent synthesis of the freebase porphyrin 4.10 had 
any effect on the overall yield over this two-step reaction. 
With the low amounts of material produced in the reaction steps leading to the 
nitroporphyrin intermediate 4.9 and the porphyrindione 4.11, and without the possibility to 
analyse the copper-bearing intermediates with NMR, alternative reaction ways were 
explored to form the quinoxalino porphyrin product. 
 Synthetic pathway following the acetylation of freebase tetramesitylporphyrin 4.3.1.3
 
Scheme 4.7 - Synthesis of the freebase quinoxalinoporphyrin via an acetylation pathway. 
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This section presents the synthesis of quinoxalinoporphyrin 4.13 via an acetylation 
pathway (Scheme 4.7), constituting an overall shorter pathway compared to the nitration 
pathways presented above (see Chapters 4.3.1.1 and 4.3.1.2).269 
 
Figure 4.2 - 1H NMR spectra of the acetylated palladium (II) porphyrin. 
Acetylation of the freebase tetramesitylporphyrin 4.1 was conducted by reaction 
with silver acetate and iodine in chloroform in the dark to yield the acetylated porphyrin 
4.14.269 The 1H NMR spectrum of 4.14 show a similar signal splitting for the porphyrin 
aromatic protons as the nitrated porphyrin 4.9 (Figure 4.2). 
Typically the acetylation reaction results in a reaction mixture containing the mono-
acetylated porphyrin product 4.14 as well as unreacted starting material and the iodo- and 
bis-acetylated porphyrins.257,269 This is the reason for the low yields obtained for the 
product. The reaction was therefore screened for the best conditions where solvent and 
equivalents of the acetylating agents silver acetate and iodine were varied (Table 4.1). 
The highest yields were obtained for 6 eq. AgOAc and 4 eq. I2 with DCM as solvent. 
The subsequent oxidation of 4.14 to the porphyrindione 4.12 was conducted in a two-step 
synthesis by deprotecting the acetoxy group with potassium carbonate and subsequently 
oxidising the porphyrin ring with DMP. The synthesis of 4.12 proceeds via an β-
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hydroxylporphyrin species which is known to be unstable against photooxidation and 
requires a speedy work-up between the two reaction steps.269 
 
Table 4.1 - Different reaction conditions for the acetylation reaction. 
 AgOAc  
[equiv.] 
I2 
[equiv.] 
yield solvent 
4.14a 5.6 9.1 8% CHCl3 
4.14b 5.6 9.1 9% CHCl3 
4.14c 5.6 7.8 0% CHCl3 
4.14d 3.0 4.0 16% DCM 
4.14e 6.0 4.0 18% DCM 
4.14f 6.0 4.0 12% DCM 
 
The crude porphyrindione 4.12 was worked up and purified three times by column 
chromatography to give a low-yielding mix of products. 1H NMR measurements were 
conducted and revealed a mixture of products. However, none of the dominant shifts 
observed in the 1H NMR spectrum could be assigned to the reported product signals (8.81, 
8.63 and -1.93 ppm).276 
It is worth highlighting the strong parallels the low-yield acetylation step and the 
difficulty experienced during the nitration of the freebase porphyrin. Likewise, the failed 
oxidation reactions, even though following two different pathways, appeared to have very 
similar problems. It is probable that the stability of the hydroxyl intermediate was too low 
for the reaction to complete. It was neither possible to achieve good control over the 
formation of the product 4.12 nor to gain a product mixture which could be purified by 
column chromatography or recrystallisation. It was therefore decided to examine other 
syntheses for extended porphyrins. 
4.3.2 MacDonald synthesis of tetrabenzoporphyrins 
This section deals with the synthesis of tetrabenzoporphyrin following the pathway 
published by Filatov et al. (see Chapter 1.5.1).126 It first describes two different pathways for 
the synthesis of the ethyl tetrahydroisoindole carboxylate 4.17 intermediate which is then 
used for the synthesis of porphyrins with four-fold (4.27) as well as two-fold (4.30) 
symmetry. 
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Scheme 4.8 - Synthesis of ethyl tetrahydroisoindole carboxylate from nitrocyclohexene. 
For the synthesis of ethyl tetrahydroisoindole carboxylate 4.17a nitrocyclohexene 
4.15 and ethylisocyanoacetate 4.16 were reacted in anhydrous THF and activated by the 
addition of DBU, a base that typically does not serve as a nucleophile (Scheme 4.8).277 The 
product 4.17a was afforded as a yellow oil in low yield and purified by column 
chromatography, and the product formation verified by 1H NMR. However, further 
purification steps using column chromatography did not result in a higher purity. The low 
yield of the reaction, combined with the high cost of the starting material, made the reaction 
unfeasible and alternative syntheses for the ethyl tetrahydroisoindole carboxylate 4.17 were 
therefore considered. 
 
Scheme 4.9 - Synthesis of ethyl tetrahydroisoindole carboxylate from thiophenol. 
To this end, phenylsulfenylchloride 4.19 was synthesised from benzothiol 4.18 using 
n-chlorosuccinimide in anhydrous DCM (Scheme 4.9).278 The product was immediately used 
in a reaction with cyclohexene to form trans-2-chloro-1-cyclohexyl phenyl sulphide 4.21.278 
The successful synthesis was verified using 1H NMR spectroscopy, showing distinct signals at 
4.05 and 3.35 ppm for the protons attached to chlorine- and thioether-substituted carbon 
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atoms. Oxidation of the sulphide 4.21 to the sulfone 4.22 was conducted using mCPBA in 
DCM, shifting the 1H NMR signal to 4.38 and 3.37 ppm, respectively.278 The subsequent 
reaction with DBU 4.23 in DCM afforded cyclohexenylsulfonylbenzene 4.24 in good yields. 
The base-catalysed reaction of 4.24 with ethylisocyanoacetate 4.16 in anhydrous THF 
yielded ethyl tetrahydroisoindole carboxylate 4.17b which was purified using a short silica 
column. Multiple recrystallisation steps in hexane were necessary to afford the white 
product in high purity. 
 
Scheme 4.10 - Synthesis of tetrakis(4-bromophenyl)-tetracyclohexenoporphyrin. 
4-bromophenyl-bis(3-ethoxycarbonyl-tetrahydro-2H-isoindolyl)methane 4.25 was 
synthesised from the ethyl tetrahydroisoindole carboxylate 4.17 and 
4-bromophenylaldehyde 2.5 in DCM, following a literature procedure (Scheme 4.10).279 The 
product was afforded as a yellow oil and the compound was purified using a short silica 
column. The porphyrin synthesis was conducted as a two-step reaction. The decarboxylation 
of 4.25 was carried out in ethylene glycol under basic conditions to yield 4-
bromophenylmethylene-bis(tetrahydro-2H-isoindole) 4.26.280 Due to the instability of the 
compound to air it was used without further purification. 4.26 was reacted with 4-
bromobenzaldehyde 2.5 in DCM at room temperature, using BF3∙OEt2 as Lewis-catalyst. In a 
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second reaction step DDQ was added and the reaction was stirred overnight at room 
temperature. 
However, the desired tetrakis(4-bromophenyl)tetracyclohexenoporphyrin 4.27 could 
not be isolated.280 Both tetracyclohexenoporphyrins and the oxidised tetrabenzoporphyrins 
are known to display distinct signals in the negative regime of their 1H NMR spectra.277 The 
reaction was repeated, but no formation of porphyrin could be observed. In order to rule 
out that a potential steric interaction introduced by the bridged cyclohexyl substituents in 
molecule 4.26 acts as an inhibitor to the porphyrin formation, the synthesis of a less bulky 
porphyin was considered. 
 
Scheme 4.11 - Synthesis of bis(3-ethoxycarbonyl-4,7-dihydro-2H-isoindolyl)methane. 
The reaction of tetrahydroisoindole carboxylate 4.17 with dimethoxymethane and 
toluenesulfonic acid in acetic acid (Scheme 4.11) resulted in bis(3-ethoxycarbonyl-4,7-
dihydro-2H-isoindolyl)methane 4.28.126 The product was then decarboxylated using KOH in 
ethyleneglycol under reflux conditions, yielding bis(tetrahydro-2H-isoindolyl)methane 4.29 
which was worked up and immediately used in the next reaction step.126 4.29 was reacted 
with 4-bromobenzaldehyde 2.5 in DCM, with TFA as Brønsted catalyst and treated with DDQ 
in a second reaction step.126 The desired 5,15-bis(4-bromophenyl)-cyclohexenoporphyrin 
4.30 could, however, not be obtained. 1H NMR spectra were recorded but no signals could 
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be found in the negative regime of the spectrum, indicating that the porphyrin formation did 
not take place. The reaction was repeated but no porphyrin formation could be observed. 
The synthesis pathway for 5,15-bis(4-bromophenyl)-cyclohexenoporphyrin 4.30 did 
not result in the desired product. A lower yield is observed for halogenated meso-groups in 
the original literature.126 It remains unclear if steric interaction with the isoindole affects the 
porphyrin formation.  
However, a comparison of the different reactions indicates a strong likelihood for an 
overall lower stability of the isoindole molecules 4.29 and 4.26 – in contrast to the related 
dipyrromethane 2.8. This might be due to an increased reactivity of the available aromatic 
protons which, in turn, are likely induced by the bridged alkyl substituents and lead to 
undesirable side reactions or even decomposition. 
 Conclusion 4.4
Different synthetic pathways were presented for extended porphyrins, with red-
shifted absorption spectra: quinoxalinoporphyrins and tetrabenzoporphyrins. The 
quinoxalinoporphyrin pathway followed the extension of tetramesitylporphyrin by an 
annealed aromatic ring. Nitro functionalities were successfully introduced by nitration of the 
metallated porphyrin (Pd(II), Cu(II)). However, further reaction and oxidation to the 
porphyrin diones was not successful and the actual porphyrin synthesis could not be 
conducted. 
The nitration reactions of the porphyrins were characterised by poor yields, making it 
difficult to gather the amount of material necessary to afford starting material for the final 
porphyrin synthesis on a gram-scale. Similarly, the subsequent oxidation reactions failed. 
Possible reasons for this are the instability of the intermediates, the low reaction yields and 
the overall small amounts of available intermediates, resulting in a low-yielding purification. 
An alternative pathway was investigated for the synthesis of quinoxalinoporphyrins, 
using acetylation of the porphyrin rather than a nitration step. The acetylation of freebase 
tetramesitylporphyrin provided the benefit of a shorter reaction pathway while also avoiding 
problems encountered with the metal-bearing porphyrins encountered during the nitration. 
The acetylation step itself resulted in acceptable yields, especially with regard to the more 
convenient synthesis. However, the deprotection and subsequent oxidation of the 
porphyrin-ring didn’t afford the desired porphyrin dione. Since the low amounts of material 
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made an optimisation of the reaction conditions difficult the focus was therefore shifted 
onto the synthesis of tetrabenzoporphyrins. 
Tetrahydroisoindole carboxylate 4.16, the key intermediate in the synthesis of 
tetrabenzoporphyrins, was successfully synthesised from nitrocyclohexene 4.14. However, a 
combination of low yields and high material cost made this synthetic approach not very 
feasible. 
An alternative pathway was chosen to synthesise the ethyl tetrahydroisoindole 
carboxylate 4.17 from cyclohexenylsulfonylbenzene 4.24. The resulting reaction pathway 
was therefore longer but resulted in a higher amount of available intermediates. Following 
its successful synthesis, tetrahydroisoindole carboxylate 4.17 was used to afford the 4-
bromophenyl-bis(3-ethoxycarbonyl-tetrahydro-2H-isoindolyl)methane 4.25 intermediate on 
the 1 g scale necessary for the porphyrin synthesis. However, the combined two-step 
reaction of decarboxylation and porphyrin synthesis reproducibly failed to provide the 
desired 5,15-bis(4-bromophenyl)-cyclohexenoporphyrin 4.27. 
Ethyl tetrahydroisoindole carboxylate 4.17 was also synthesised and the 
decarboxylation and porphyrin synthesis steps were conducted, using 4-bromobenzaldehyde 
in order to synthesise 5,15-bis(4-bromophenyl)cyclohexenoporphyrin 4.30. However, the 
product could not be obtained. 
For both porphyrin syntheses it is possible that the reaction failed either due to the 
instability of the intermediates to air or due to the generally low yields achieved in the 
tetracyclohexenoporphyrin syntheses.126 For future syntheses of the porphyrins 4.27 and 
4.30, it will be necessary to form a stable, scalable intermediate first which can then be 
tested in different reactions. 
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 Introduction 5.1
5.1.1 DFT and TDDFT 
Density Functional Theory (DFT) is the most widely applied computational tool for 
the modelling of molecular properties in the electronic ground state. It describes molecular 
properties as a function of the electron density which clearly differentiates DFT from other, 
wave-function-based approaches. Time-dependent DFT (TDDFT) as an extension to DFT was 
developed to allow for the calculation of the excited electronic states in molecules.281,282 
The popularity of both DFT and TDDFT stems from the overall high precision at 
reasonable computational demand and their applicability in a wide range of molecular 
structures and/or computational problems.283,284 DFT methods have also proven especially 
useful to describe large molecular system with up to 400 atoms and have therefore found 
application in the precise modelling of polymer structures and their electronic 
properties.237,282 
TDDFT is especially useful for the description of charge transfers between electronic 
states and has been used to model polymer absorption and fluorescent and phosphorescent 
emission.285,286 
5.1.2 Functionals 
In DFT, electron density is described as a group of functions, or: a functional, and a 
wide variety of different functionals are available, each with advantages or disadvantages in 
precision, computational cost or even applicability in a given computational problem. One of 
the most widely used functionals is certainly B3LYP, Becke’s three parameter functional with 
added Lee, Yang and Parr parameters; it is the standard tool in the calculation of small 
molecule and polymers alike.287,288 B3LYP has been successfully used in the precise 
computational modelling of polymer excited state species such as singlet and triplet excitons 
and the derived CAM-B3LYP functional has proven well-suited for the proper description of 
CT states.237,241,286 
Lately, other functionals such as BMK and M06-2X have emerged as very efficient 
hybrid functionals in the description of (triplet) excited states. Jacquemin et al. conducted an 
extensive comparison of functionals on the singlet-triplet gap in small to medium molecules, 
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achieving a much higher precision with BMK and M06-2X hybrid functionals than with either 
B3LYP or CAM-B3LYP.289 
5.1.3 Basis sets 
In computational modelling molecular orbitals are described by basis sets. A basis 
set, as the name implies, is a set of basis functions or one-electron functions. In turn, each 
basis function may be (vaguely) considered to represent an atomic orbital and their role may 
be likened to how atomic orbitals (AO) make up molecular orbitals (MO) through the linear 
combination of atomic orbitals (LCAO). It is worth noting, however, that this is a very broad 
generalisation as basis functions do not necessarily need to correlate to an exact physical 
representation. They can have a different shape than the atomic orbitals and needn’t even 
be localised on the nuclei themselves.284 
Among the most popular basis sets today are the split-valence basis sets developed 
by Pople et al. and the cost-wise comparable but larger basis sets developed by Dunning and 
co-workers.290,291 
One of the most popular Pople basis sets is the split-valence double-zeta 6-31G(d,p); 
it applies two basis functions (double-zeta) for each valence AO – as opposed to the one 
basis function for core orbitals – and adds polarisation for heavy (d) and light (p) atoms. The 
Pople basis sets are especially popular due the large library of computations available for 
direct comparison and they have also been applied in the description of polymer excited 
states.292–295 It has further been shown that double-zeta basis sets tend to give sufficient 
precision over even larger triplet- or quadruple-zeta basis sets, especially when analysing 
large planar systems285,296,297 
More recently, the Dunning cc-pVDZ (correlation-consistent polarised valence 
double-zeta) basis set has found wider application in the study of the optical properties of 
semiconducting polymers.298,299 The cc-pVDZ basis set has especially gained a lot of attention 
in the analysis of triplet excited states, making it a viable alternative to the Pople basis 
sets.296,300,301 
 Research plan 5.2
The role of excited triplet states in organic semi-conducting polymers is not yet very 
well understood and to a large degree this is because basic triplet properties like energy, 
diffusion length or mobility are not routinely measured. This is mostly due to the difficulties 
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experienced in experimentally determining the triplet state. Low temperature 
photoluminescence or TAS measurements are both too involved to be used as standard 
experimental methods and the dearth in triplet data is a major obstacle in designing the 
next-generation host-guest system. 
The aim of the work presented in this chapter is therefore to look into the use of 
computational methods as a way to accurately describe triplet properties and compare the 
results to experimental data. DFT is investigated as one tool in the prediction of polymer 
triplet state properties and its potential use for the screening of polymers. 
To this end the singlet and triplet energy levels of 21 literature-known polymers are 
taken as an experimental data set, including 20 polymers published by the groups of 
Monkman67,177 and Köhler,66 and TTP (see Chapter 3.3). All polymers are modelled using the 
common B3LYP/6-31G(d,p) approach. The first excited singlet and triplet states are 
calculated using the TDDFT framework and the singlet-triplet gaps (or exchange energies) 
are determined and compared to the experimental data. A benchmark is then conducted to 
compare different functionals (B3LYP, BMK, M06-2X) and basis sets (6-31G(d,p), cc-pVDZ) to 
find the optimal computational approach for the description of excited singlet and triplet 
states in semi-conducting polymers. 
5.2.1 Method 
Polymer excited states have been modelled with high accuracy using oligomeric 
models comprised of at least 10 repeat units.67,298 In this study, dodecamers were therefore 
used to approximate the thiophene-based homopolymers to reduce computational cost 
while still maintaining good precision. Other (hetero) polymers were modelled by choosing 
oligomers with an equally extensive π-system. The molecules were further designed to not 
contain double or triple-bonds as end groups to avoid unfavourable twisting in the 
oligomeric structure and hydrogen-capped aromatic systems were used as end groups. Alkyl 
side chains were shortened to methyl groups for computational ease. Side chain length 
typically only has a minimal impact on the electronic properties of the molecules in question 
and steric interaction can be neglected in a large number of cases.237,302–304 The full side 
chains structures were therefore only calculated alongside where it was deemed necessary 
and highlighted using the prime symbol (‘). 
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Molecular geometries were optimised with the B3LYP functional, using both the 
6-31G(d,p) and cc-pVDZ basis sets for comparison and with all repeating units in the trans-
orientation where applicable. The vertical excitations into the first excited singlet and triplet 
states were conducted using the TDDFT formalism and the first 10 states were taken into 
account. Vertical excitations were calculated on the optimised structures using the same 
basis sets while applying the B3LYP, BMK and M06-2X functionals. The singlet-triplet gap 
(ΔST) was calculated from the difference of the two vertical excitations and tabulated as the 
deviation from experiment. Deviations from experimental data of up to Δ(ΔST) < 0.15 eV 
were considered to be within margin of error. 
5.2.2 Limitations 
When running computational studies, it is always advisable to consider the 
limitations of the methods used. In the calculation of polymer properties many 
approximations need to be made to decrease the computational cost which can lead to 
differences in calculated and experimentally obtained values. 
Due to their design, typical DFT experiments compute the properties of a single 
molecule in a quasi-vacuum. This is in contrast to experimental data which often includes 
inter-molecular interaction, both in solution with the solvent molecules or in thin films 
where the inter-molecular interaction can affect the morphology and electronic properties 
of a molecule. 
Shortening alkyl side chains to methyl groups represents a good approximation for a 
large number of molecular structures. However, this approximation does not consider the 
intramolecular steric impact or any intermolecular interactions which can caused by more 
complex side chains and can lead to twisting in the polymer backbones. Regiospecific 
substitution patterns, e.g. in rr-P3HT and rra-P3HT (see Chapter 3.1.4), or bulky, i.e. non-
linear, side chains may induce twists in the polymer backbone, and it is therefore important 
to take these effects into consideration when conducting computational modelling. 
Conversely, experimental data of a given polymer can vary depending on the bulk 
morphology or the interaction with interfaces. These differences in bulk properties cannot 
always be represented using a computational approach. 
It has already been mentioned that DFT methods, on a more fundamental theoretical 
level, are ground state methods that concern themselves with the electron density and the 
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electronic interaction in space. Unlike wave function-based quantum mechanical methods 
DFT, and subsequently also TDDFT, do not explicitly include excited states. Singlet-triplet 
vertical excitation energies have, for example, been found to be more sensitive to the exact 
mathematical form of the TDDFT functional than singlet–singlet transition energies.241,305 
However, it has also been shown that, with the choice of an adequate functional for the 
problem in question, TDDFT excited state calculations can be sufficiently accurate.283,289,306 
Each TDDFT calculation must therefore be conducted by choosing the functional which 
allows adequate treatment of the molecular exited states. The above-mentioned B3LYP, 
BMK and M06-2X functionals have been shown to work well for the description of triplet 
excited states of semi-conducting polymers. 
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 Results and discussion 5.3
5.3.1 Polymer excited state properties 
 
Scheme 5.1 - Polymer structures used in the computation of singlet-triplet gaps. 
The modelled polymers include DOO-PPV 5.1, DDO-PPP 5.2, PPY 5.3, HPPY 5.4, 
PhPPV 5.5, MEH-PPV 5.6, PF26 5.7, MeLPPP 5.8, the polyphenyleneacetylene derivatives 5.9, 
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5.10 and 5.11, PFO 5.12, PIF 5.13, TTP 3.10, MS-Y 5.14, PCHMT 5.15, PCHT 5.16, PMOT 5.17, 
P3OT 5.18, PEHT 5.19 and PBOPT 5.20 (Scheme 5.1). 
The experimental values for the singlet excited states (S1) of the reported polymers 
were determined using UV-Vis spectroscopy; triplet energy levels (T1) were determined 
either by low-temperature emission studies307–312 or by a combined approach of pulse 
radiolysis and triplet energy transfer in benzene solution.67,177 For the case of MeLPPP 5.8 
both experimental methods were found to be in good agreement to within ± 0.1 eV.177 
 
Table 5.1 - Singlet-triplet gaps for the polymers (experimental, literature) and the deviation of the computed values from 
the experiment using different basis sets. 
 5.1 5.2 5.3 5.4 5.5 5.6 5.7 5.8 5.9 5.10 5.11 
ΔST [eV] 
experimental 0.75 0.73 0.70 1.00 0.60 0.93 0.75 0.59 0.66 0.62 0.67 
Δ
(Δ
ST
) [
eV
] 6-31G(d,p) 0.06 0.04 0.06 0.26 0.12 0.24 0.05 0.00 0.05 0.04 0.05 
cc-pVDZ 0.02 0.06 0.08 0.27 0.10 0.26 0.07 0.02 0.06 0.05 0.06 
             
  5.12 5.13 3.10 5.14 5.15 5.16 5.17 5.17‘ 5.18 5.19 5.20 
ΔST [eV] 
experimental 0.70 0.70 0.73 0.84 1.33 0.86 1.12 1.12 0.77 0.78 0.58 
Δ
(Δ
ST
) [
eV
] 6-31G(d,p) 0.00 0.04 0.02 0.10 0.29 0.11 0.08 0.07 0.02 0.08 0.10 
cc-pVDZ 0.02 0.05 0.01 0.13 0.36 0.13 0.15 0.09 0.04 0.12 0.10 
 
The experimental singlet-triplet gaps (ΔST) are given in Table 5.1 for each polymer; 
the deviation of the computed values from experiment (Δ(ΔST)) are given alongside for 
different basis sets (see Equation (5.1) and (5.2)). 
 ∆(∆𝑆𝑆𝑆𝑆) = |∆𝑆𝑆𝑆𝑆𝐷𝐷𝐷𝐷𝑆𝑆 − ∆𝑆𝑆𝑆𝑆 | (5.1) 
 
∆𝑆𝑆𝑆𝑆
𝐷𝐷𝐷𝐷𝑆𝑆= 𝑃𝑃(𝑆𝑆0−𝑆𝑆1) − 𝑃𝑃(𝑆𝑆0−𝑆𝑆1) (5.2) 
High precision was achieved in modelling the singlet-triplet gap for 17 out of 21 
polymer structures using the B3LYP functional and both the 6-31G(d,p) and cc-pVDZ basis 
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sets (Table 5.1), with calculated values for the energy gaps (∆𝑆𝑆𝑆𝑆𝐷𝐷𝐷𝐷𝑆𝑆) deviating less than 
± 0.15eV from the experimental values (highlighted in green).  
PMOT 5.17 poses a special case. It can also be ascribed to aforementioned group of 
polymers that were successfully modelled using the B3LYP functional. However, while the 
use of the Pople basis set let to an exact energetic value for the singlet-triplet gap, the use of 
the larger cc-pVDZ basis set narrowly exceeded the allowed maximum deviation. 
 
Scheme 5.2 - Comparison of PMOT and P3OT structural motifs. 
This contrasts the findings for P3OT 5.18 which has a comparable structure (Scheme 
5.2). It is highly likely that the double alkylation of the thiophene rings has a strong steric 
influence on the PMOT 5.17 structure which readily explains the experimental difference in 
exchange energy. 
 
Figure 5.1 - Optimised geometries (B3LYP/6-31G(d,p)) for PMOT (above) and P3OT (below). 
The optimised geometries (Figure 5.1) show a much stronger twisting between the 
PMOT 5.17 repeat units than in the monoalkylated P3OT 5.18. To achieve a more detailed 
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analysis of the molecular structure a series of geometry optimisations was conducted on the 
PMOT dodecamer, with the thiophene repeat units both carrying the shortened dimethyl 
(5.17) and the full methyloctyl (5.17’) side chains (Table 5.1). For B3LYP/6-31G(d,p) the 
obtained singlet-triplet gap values of the full chain model 5.17’ is very comparable to that of 
the shortened version 5.17’. However, for B3LYP/cc-pVDZ the use of the full side chains led 
to an energy value that agrees much better with experiment, resulting in a deviation of only 
0.09 eV. 
In all these 17 cases using the B3LYP functional, the two basis sets led to very 
comparable results. It should be noted that these singlet-triplet gaps cover energies 
between 0.60 and 1.12 eV, i.e. values that can vary greatly from the often advocated 
0.7eV.66 These findings therefore allow to gain insights into molecular systems that deviate 
from this trend and they form a first step towards the prediction of triplet properties in a 
wide variety of semi-conducting polymers. 
 
Scheme 5.3 - HPPY, MEH-PPV, PCHMT and PCHT molecular structures. 
The computational modelling of HPPY 5.4, MEH-PPV 5.6 and PCHMT 5.15 using the 
B3LYP functional did not result in accurate exchange energies with either basis set, likely due 
to a more pronounced side chain interaction (Scheme 5.3). For MEH-PPV 5.6 and PCHMT 
5.15 this probably stem from van-der-Waals interaction between the side chains of 
neighbouring repeat units. 
HPPY 5.4 represents a special case in that it is the only structure with linear side 
chains that could not be computed precisely with the B3LYP functional, which is in stark 
contrast to the unsubstituted PPY 5.3. One possible explanation would be that an added 
interaction between the nitrogen free electron pair and the alkyl side chain of the 
neighbouring repeat unit is not properly accounted for when using the B3LYP approach with 
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shortened side approximation. In order to understand if the approximation of alkylic side 
chains with methyl groups might – similarly to PMOT 5.17 – affect the results for these three 
polymers, their molecular structures were re-optimised using full side chain models (Table 
5.2). 
Table 5.2 - Comparison of shortened and full side chains. 
 5.4 5.4‘ 5.6 5.6’ 5.15 5.15’ 
ΔST [eV] 
experimental 1.00 1.00 0.93 0.93 1.33 1.33 
Δ
(Δ
ST
) [
eV
] 6-31G(d,p) 0.26 0.25 0.24 0.27 0.29 0.18 
cc-pVDZ 0.27 0.27 0.26 0.29 0.36 0.27 
 
While partially affecting the energy values the full chain approach did not result in an 
accurate description of HPPY 5.4’, MEH-PPV 5.6’ or PCHMT 5.15’. Their excited state 
properties were therefore screened using the B3LYP optimised geometries by applying the 
BMK and M06-2X functionals in vertical excitations (Table 5.3). 
 
Table 5.3 - Comparison of functionals. 
 5.4‘ 5.6‘ 5.15‘ 
ΔST [eV] 
experimental 1.00 0.93 1.33 
Δ
(Δ
ST
) [
eV
] 
B3LYP/6-31G(d,p) 0.25 0.27 0.18 
M06-2X/6-31G(d,p) 0.19 0.15 0.14 
BMK/6-31G(d,p) 0.06 0.07 0.01 
B3LYP/cc-pVDZ 0.27 0.29 0.27 
M06-2X/cc-pVDZ 0.19 0.17 0.22 
BMK/cc-pVDZ 0.08 0.08 0.06 
 
For all structures the use of the M06-2X led to an increase in accuracy for the singlet-
triplet gap by ~0.1eV when compared to the B3LYP approach. However, only the BMK 
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functional gave precise enough values for the presented structures and resulted in 
deviations of less than 0.10 eV from experiment, independent of the basis set used. 
It could be shown that the three polymers with strong side chain interaction HPPY 
5.4’, MEH-PPV 5.6’ and PCHMT 5.15’ could be successfully modelled using the BMK 
functional, resulting in values it an edge over the B3LYP functional by ~0.2eV. Further studies 
on polymers with similarly strong side chain interaction would be needed to determine if 
this difference represents a general overestimation of the B3LYP over the BMK and M06-2X 
functionals for these cases. 
5.3.2 Use of quantum mechanical modelling for the prediction of triplet properties 
The results presented in Chapter 5.3.1 show the high precision that can be obtained 
with DFT and open up the possibility of using computational modelling as a tool in the 
prediction of polymer excited states. 
In a host-guest system the energetic overlap between the polymer host and the 
guest dopant is crucial to the triplet-sensitisation of the polymers. It needs to allow for an 
exchange between the host and guest singlet excited states on the one hand, and between 
their triplet excited states on the other. Throughout this work (see Chapter 2 and Chapter 3) 
it has been shown that the absorption and emission profiles of polymer and dopants alike 
can be used to predict how likely a good singlet exciton transfer will be in a potential host-
guest system. These findings have further been backed by accurate computational 
descriptions of the UV-vis absorption properties (see Chapters 2.4.2 and 3.4.6). 
A comparable approach for determining a good triplet exciton transfer is much more 
difficult to achieve. Reported triplet states can usually be found more readily for small 
molecules than for semi-conducting polymers, due to their wide-spread application as 
phosphorescent or triplet-harvesting moieties.206,235,313,314 While small molecule excited 
state triplet properties are sparser than those of the singlet states they still form a good 
basis for the description of triplet excited states in organic semi-conducting polymers. This 
allows for a semi-experimental approach in predicting a potential overlap between two 
triplet states in semi-conductor host-guest system.211,241,315 
The TTP polymer 3.10 and the TTP host-guest system 3.15 (Scheme 5.4) have been 
previously investigated using DFT, by computing their excited singlet and triplet energies 
(see Chapter 3.4.6). The studies conducted in Chapter 5.3.1 build on these findings and puts 
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TTP 3.10 into the context of twenty-one polymers that were successfully modelled to 
describe the experimental data with high accuracy. The successful application of the chosen 
computational approach to a variety of different structural motifs further affirms the 
strength of the obtained computational data for TTP 3.10 and 3.15. 
 
Scheme 5.4 - TTP host-guest polymer , neat TTP and platinum tetraphenylporphyrin. 
The “free” platinum (II) tetraphenylporphyrin 2.4 was also modelled to allow a better 
understanding of the platinum porphyrin guest moiety in the host-guest polymer 3.15 
(Scheme 5.4). The reported triplet excited state values were accurately described using the 
same TDDFT approach also applied for semi-conducting polymers (see Chapter 3.4.6).  
The triplet energies of neat TTP 3.10 were also determined computationally and 
found to be in line with those of porphyrin 2.4, both in the model and the preceding TAS 
measurements. Assuming a good orbital overlap between the two electronic systems, the 
computed triplet vertical excitation therefore gives a very good estimate on the 
compatibility of the host and guest triplet states. In combination with the results from other 
polymers (see Chapter 5.3.1), this highlights the overall strength of the quantum mechanical 
description in predicting triplet excited states in semi-conducting polymer. Considering the 
difficulties encountered in experimentally assessing triplet excited state properties and the 
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consequential lack of data, computational modelling presents itself as a very promising tool 
in the screening of semi-conducting polymers for organic host-guest systems. 
 Conclusion 5.4
A total of 21 different molecular structures – both homo- and copolymers – was 
modelled as oligomers with comparable π-system size and compared to the literature 
values. The ground state geometry optimisation was conducted using the B3LYP functional 
and led to minimum energy structures that were successfully used to model the excited 
state properties of all 21 polymers. 
For this, singlet-triplet gaps were determined from the singlet and triplet vertical 
excitations, using the B3LYP functional and both 6-31G(d,p) and cc-pVDZ basis sets. The 
choice of basis set did not reveal any major differences in most of the molecules which 
speaks for the overall comparability of 6-31G(d,p) and cc-pVDZ in the described use cases. 
For the majority of polymers, B3LYP/6-31G(d,p) provided an accurate description of 
the singlet-triplet gap, also for polymers with branched or cyclic alkyl chains. For structures 
with a higher degree of side chain interaction, the B3LYP functional did not suffice and it was 
therefore compared to the M06-2X and BMK functionals. The BMK functional was found to 
provide results in much higher precision for the HPPY 5.4’, MEH-PPV 5.6’ and PCHMT 5.15’ 
polymers, successfully describing their excited state properties. 
Overall, semi-conducting polymers with a wide range of singlet-triplet gaps (0.60-
1.12 eV) were modelled with good overall precision at good computational speed. Taking the 
TTP host-guest system 3.15 as an example it was shown that the described quantum 
mechanical approach taken also lends itself to the prediction of polymer triplet excited state 
properties. In light of the difficulty of obtaining data on semi-conductor triplet states using 
experimental methods, DFT presents a highly promising tool in the analysis and prediction of 
the electronic structure of polymer excited states. 
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  Chapter 6
 
 
 
 
 
Experimental procedures 
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 General 6.1
All reagents and solvents were purchased from Sigma-Aldrich, Merck, TCI or VWR 
and were used without further purification, unless otherwise stated. Pyrrole was distilled 
prior to use. 1H NMR and 13C NMR spectra were recorded at 400 MHz and 101 MHz, 
respectively, using a BRUKER 400 spectrometer in CDCl3 solution at 298 K. Number-average 
(MN) and weight-average (MW) molecular weights were determined against polystyrene 
standards using an Agilent Technologies 1200 series GPC in chlorobenzene at 80 °C. UV-Vis 
absorption spectra were recorded on a UV-1601 Shimadzu UV-Vis photospectrometer in 
chlorobenzene. Column chromatography was carried out on silica gel (VWR). Thin film 
samples were prepared by spin-coating the polymers from a chlorobenzene solution 
(5 mg/ml) for 1 min at 1000 rpm onto glass slides. The polymer films were annealed using a 
hot plate (10 min, 140 °C) under Ar flow. Regioregularities and porphyrin incorporation 
ratios into the polymer backbone were determined by integration of the 1H NMR signals. 
Molar percentage and weight percentage were calculated per repeat unit. Computational 
studies were conducted using Gaussian09 and the molecular orbitals visualised using 
Gaussview 5.0; the reference to the output files can be found in Appendix E. 
 Experimental for Chapter 2 6.2
5,10,15,20-Tetraphenylporphyrin 2.3 
 
In a 500 ml round-bottom flask with reflux condenser and dropping funnel propanoic 
acid (300 ml) heated to reflux temperature in air. A mixture of pyrrole (7.44 ml, 10.6 mmol) 
and benzaldehyde (10.4 ml, 10.6 mmol) were added dropwise. The reaction was stirred 
under reflux conditions for 30 min. After cooling, the resulting precipitate was removed by 
filtration and washed with MeOH. The crude product was dissolved in DCM and purified 
using a short alumina column, affording the product as a purple solid (2.06g, 31 %). 
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1H NMR δ (ppm) 8.85 (s, 8H, Ar-H), 8.22 (m, 8H, Ar-H), 7.77 (m, 12H, Ar-H), -2.78 (s, 
2H, N-H). 
Platinum (II) 5,10,15,20-tetraphenylporphyrin 2.4 
 
In a 100 ml 2-necked round-bottom flask with reflux condenser and argon adapter 
tetraphenylporphyrin 2.3 (140 mg, 0.23 mmol) and PtCl2 (97.5 mg, 0.36 mmol) were 
dissolved in benzonitrile (20 ml) under Ar. The solution was bubbled with Ar for 10 min. The 
reaction was stirred at reflux and monitored by UV-Vis spectroscopy. After completion the 
solvent was removed under reduced pressure. The crude was suspended in MeOH using a 
sonication bath, the product was filtered off and washed with acetone, affording the product 
as an orange solid (70 mg, 37 %). 
1H NMR δ (ppm) 8.77 (m, 8H, Ar-H), 8.16 (d, 8H, Ar-H), 7.75 (m, 12H, Ar-H).  
5,10,15,20-Tetrakis(bromophenyl)porphyrin 2.6 
 
In a 500 ml round-bottom flask with reflux condenser and dropping funnel propanoic 
acid (300 ml) heated to reflux temperature in air. A mixture of pyrrole (1.86 ml, 26.6 mmol) 
and 4-bromobenzaldehyde (4.9 g, 26.6 mmol) were added dropwise. The reaction was 
stirred under reflux conditions for 30 min. After cooling, the resulting precipitate was 
removed by filtration and washed with MeOH. The crude product was dissolved in DCM and 
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purified using a short alumina column, affording the product as a purple solid (460 mg, 
18 %). 
1H NMR δ (ppm) 8.87 (s, 8H, Ar-H), 8.08 (d, 8H, Ar-H), 7.94 (m, 8H, Ar-H), –2.86 (br. s., 
2H, N-H). 
Platinum (II) 5,10,15,20-tetrakis(bromophenyl)porphyrin136 2.7 
 
In a 100 ml 2-necked round-bottom flask with reflux condenser and argon adapter 
the porphyrin (100 mg, 0.11 mmol) and PtCl2 (69 mg, 0.26 mmol) were dissolved in 
benzonitrile (30 ml) under Ar. The solution was bubbled with Ar for 10 min. The reaction was 
stirred at reflux and monitored by UV-Vis spectroscopy. After completion the solvent was 
removed under reduced pressure. The crude was suspended in MeOH using a sonication 
bath, the product was filtered off and washed with acetone, affording the product as an 
orange solid (20 mg, 16 %). 
1H NMR δ (ppm) 8.75 (s, 8H, Ar-H), 7.94 (m, J = 8.3 Hz, 16H, Ar-H). 
Dipyrromethane 2.8 
 
In a 250 ml round bottom flask with reflux condenser paraformaldehyde (1.73 g, 
57.7 mmol) was dissolved in pyrrole 2.1 (100 ml, 1.45 mol). The solution was heated to 
50 °C, the oil bath removed and TFA was added (450 µl, 5.77 mmol). The reaction was stirred 
for 5 min and then worked up. 
The solvent was removed by repeated addition of cyclohexane and removal under 
reduced pressure. The crude was purified on a short silica column (DCM/NEt3 1:1) and 
recrystallised from petrol benzene, affording the product as a white solid (2.33 g, 27 %). 
 
168 
1H NMR δ (ppm) 7.90 (br. s., 2H, NH), 6.67 (s, 2H, Ar-H), 6.15 (m, 2H, Ar-H), 6.04 (m, 
2H, Ar-H), 3.99 (s, 4H, CH2). 
5,15-Bis(bromophenyl)porphyrin 2.9 
 
In a 1 l round-bottom flask dipyrromethane 2.8 (0.8 g, 5.5 mmol) and 4-
bromophenylaldehyde 2.5 (1.01 g, 5.5 mmol) were dissolved in DCM (500 ml). TFA (0.73 ml, 
17.8 mmol) was added and the reaction was stirred for 30 min. DDQ (1.24 g, 10.0 mmol) was 
added and the reaction mixture stirred under reflux conditions for 1 h. 
The solution was purified using a short alumina column and the solvent was removed 
under reduced pressure. 1H NMR spectroscopy revealed no peaks that could be attributed to 
the product. 
5,15-Diphenylporphyrin 2.10 
 
In a 1 l round-bottom flask dipyrromethane 2.8 (0.8 g, 5.5 mmol) and 4-
bromophenylaldehyde 2.5 (583 mg, 5.5 mmol) were dissolved in DCM (500 ml). TFA 
(0.73 ml, 17.8 mmol) was added and the reaction was stirred for 30 min. DDQ (1.24 g, 
10.0 mmol) was added and the reaction mixture stirred under reflux conditions for 1 h. 
The solution was purified using a short alumina column and the solvent was removed 
under reduced pressure and the crude washed with MeOH and filtrated, affording the 
product as a purple solid (20 mg, 0.008 %). 
1H NMR (400 MHz, CDCl3) δ 10.34, 9.43, 9.41, 9.11, 8.30, 7.84, 7.54, 7.28, 5.32, 2.27, 
2.19, 1.54, 1.28, 0.88, -3.08. 
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Mesityldipyrromethane 2.12 
 
In a 250 ml round-bottom flask mesitaldehyde 2.11 (3 ml, 20.3 mmol) was dissolved 
in pyrrole 2.1 (140 ml, 2 mol). Argon was bubbled through the reaction solution and MgBr2 
(1.86 g, 10.1 mmol) was added. The reaction was stirred for 1.5 h at room temperature.  
Powdered NaOH (4 g, 0.1 mmol) was added, the mixture stirred for 1 h and then 
filtered. The solvent was regained by evaporation under reduced pressure and the crude was 
purified using a short silica column (DCM). Sonication in hexane and filtration afforded the 
product as a white solid (2.64 g, 50 %). 
1H NMR δ (ppm) 7.97 (br. s., 4H, NH), 6.89 (s, 2H, Ar-H), 6.69 (s, 2H, Ar-H)), 6.20 (q, 
2H, Ar-H), 6.04 (m, 4H, Ar-H), 5.95 (s, 1H, CH), 2.31 (s, 3H, CH3), 2.09 (s, 6H, CH3). 
10,20-Dimesityl-5,15-bis(4-bromophenyl)porphyrin168 2.13 
 
In a 1 l round-bottom flask 5-mesityldipyrromethane (1.0 g, 3.8 mmol) and 4-
bromobenzaldehyde (3.8 mmol) were dissolved in 500 ml CH2Cl2, TFA (0.51 ml, 6.7 mmol) 
was added and the reaction mixture was stirred at room temperature. After 30 min the 
solution had turned dark red. DDQ (1.0 g, 4.6 mmol) was added and the mixture was stirred 
for 1h. The solution was poured directly onto a pad of silica and the product was eluted with 
additional CH2Cl2 eluting as a red solution. The solvent was removed under reduced 
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pressure. The porphyrin was suspended in MeOH using a sonication bath, filtered and 
washed using MeOH and hexane to afford the final product as a purple solid (100 mg, 11 %). 
1H NMR δ (ppm) 8.76 (dd, J = 4.8 Hz, 8H, Ar-H), 8.01 (dd, J = 8.3 Hz, 1H), 7.31 (s, 4H, 
Mes-H) 2.66 (s, 6H, CH2-H), 1.86 (s, 12H, CH2-H), -2.65 (br. s., 2H, NH-H). 13C NMR (ppm) δ 
140.9, 139.4, 138.2, 137.9, 135.8, 129.9, 127.8, 122.4, 118.7, 117.9, 21.7, 21.5. 
Platinum (II) 5,15-dimesityl-10,20-bis(bromophenyl)porphyrin136 2.14 
 
In a 100 ml 2-necked round-bottom flask with reflux condenser and argon adapter 
2.13 (200 mg, 0.23 mmol) and PtCl2 (148.9 mg, 0.56 mmol) were dissolved in benzonitrile (30 
ml) under Ar. The solution was bubbled with Ar for 10 min. The reaction was stirred at reflux 
and monitored by UV-Vis spectroscopy. After completion the solvent was removed under 
reduced pressure. The crude was suspended in MeOH using a sonication bath, the product 
was filtered off and washed with acetone, affording the product as an orange solid (60 mg, 
24 %).  
1H NMR (CDCl3) (ppm) δ 8.65 (dd, J = 5.0 Hz, 8H, Ar-H), 7.95 (dd, J = 8.3 Hz, 8H, Ar-H), 
7.26 (s, 4H, Mes-H, partially obscured by solvent signal), 2.61 (s, 6H, Mes-CH2-H), 1.83 (s, 
12H, Mes-CH2-H). 13C NMR (ppm) δ 140.4, 139.1, 137.9, 135.2, 130.9, 130.0, 129.8, 127.9, 
21.4. UV/vis: υmax (nm) 403, 511, 540. 
2-Bromo-5-trimethylstannyl-3-hexylthiophene154 2.16 
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LDA (4.45 ml, 2M) was injected into an oven-dried flask under argon atmosphere and 
the solution was cooled to -78 °C in an acetone-dry ice bath. In the reaction vessel 2-Bromo-
3-hexylthiophene (1.6 ml, 8.1 mmol) was dissolved in anhydrous THF (16 ml) under argon 
and cooled to -78 °C. The LDA solution was then transferred to the reaction vessel by 
dropwise addition via syringe and the mixture was stirred at -78 °C for 45 min. Trimethyltin 
chloride (8.9 ml, 1 M) was added dropwise and the ice bath removed, leaving the reaction to 
warm up to room temperature overnight and turning orange after a while.  
The reaction was quenched with water and the aqueous phase was extracted three 
times using diethyl ether. The organic phases were combined, dried over MgSO4 and the 
solvent was removed under reduced pressure. The crude compound was purified using 
distillation (0.28 mbar, 150 °C), yielding the product a colourless liquid (0.98 g, 30 %).  
1H NMR (400 MHz, d6-acetone) δ 7.03 (s, 1H, Th-H), 2.59 (m, 2H, Th-CH2), 1.60 (m, 
2H, Th-CH2-CH2), 1.33 (m, 6H, CH2), 0.89 (m, 3H, CH2-CH3), 0.37 (s, 9H, -Sn-(CH3)3). 
rr-P3HT homopolymer154 2.17 
 
In an oven-dried microwave vial 2-bromo-5-trimethylstannyl-3-hexylthiophene 2.16 
(246 mg, 0.6mmol) and tetrakis (0.04 mol-%) were dissolved in anhydrous DMF under Ar 
atmosphere. The vial was capped and Ar was bubbled through the solution for 10 min. The 
reaction was heated to 95 °C and stirred for 24 h. 
The reaction solution was cooled to r.t. and precipitated into MeOH by dropwise 
addition. The crude polymer was filtered into a cellulose thimble and purified by Soxhlet 
extraction under Ar using MeOH, hexane and chloroform. The polymer was dissolved in 
chlorobenzene, precipitated from MeOH, suction-filtered and dried under reduced pressure. 
The polymer was afforded as a black solid (45 mg, 45 %, rr = 92%)). 
1H NMR (CDCl3) (ppm) δ 7.00 (s, 1H, Th-H), 2.80 (dd, 2H, Th-CH-H), 1.71 (m, 2H, Th-
CH2-CH-H), 1.5 -1.2 (m, 6H, CH2), 0.92 (m, 3H, CH2-CH2-H). GPC: MN = 31.5 kg/mol; MW = 78.2 
kg/mol; PDI = 2.48. 
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rr-P3HT-porphyrin copolymer154 2.18 
 
In an oven-dried microwave vial 2-bromo-5-trimethylstannyl-3-hexylthiophene 2.16 
(246 mg, 0.6mmol), porphyrin 2.14 (2.4 mg, 0.002 mmol) and tetrakis (0.04 mol-%) were 
dissolved in anhydrous DMF under Ar atmosphere. The vial was capped and Ar was bubbled 
through the solution for 10 min. The reaction was heated to 95 °C and stirred for 24 h. 
The reaction solution was cooled to r.t. and precipitated into MeOH by dropwise 
addition. The crude polymer was filtered into a cellulose thimble and purified by Soxhlet 
extraction under Ar using MeOH, hexane and chloroform. The polymer was dissolved in 
chlorobenzene, precipitated from MeOH, suction-filtered and dried under reduced pressure. 
The product was afforded as a brown solid (50 mg, 50 %, rr = 91%). 
1H NMR (CDCl3) (ppm) δ 8.78 (m, Por-H), 8.63 (m, Por-H), 8.18 (m, Por-H), 6.98 (s, 1H, 
Th-H), 2.80 (dd, 2H, Th-CH-H), 1.70 (m, 2H, Th-CH2-CH-H), 1.5-1.2 (m, 6H, CH2), 0.91 (m, 3H, 
CH2- CH2-H). 13C NMR (ppm) δ 139.9, 133.7, 130.4, 128.6, 31.7, 31.0, 30.5, 29.5, 29.3, 22.7, 
14.1. GPC: MN = 35.8 kg/mol; MW = 85.0 kg/mol; PDI = 2.37. 
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rr-P3HT-porphyrin copolymer154 2.19 
 
In an oven-dried microwave vial 2-bromo-5-trimethylstannyl-3-hexylthiophene 2.16 
(246 mg, 0.6mmol), platinum porphyrin (3.0 mg, 0.002 mmol) and tetrakis (0.04 mol-%) were 
dissolved in anhydrous DMF under Ar atmosphere. The vial was capped and Ar was bubbled 
through the solution for 10 min. The reaction was heated to 95 °C and stirred for 24 h. 
The reaction solution was cooled to r.t. and precipitated into MeOH by dropwise 
addition. The crude polymer was filtered into a cellulose thimble and purified by Soxhlet 
extraction under Ar using MeOH, hexane and chloroform. The polymer was dissolved in 
chlorobenzene, precipitated from MeOH, suction-filtered and dried under reduced pressure. 
The product was afforded as a brown solid (45 mg, 45 %, rr = 92%)). 
1H NMR (CDCl3) (ppm) δ 8.78 (m, Por-H), 8.76 (m, Por-H), 8.18 (m, Por-H), 7.98 (m, 
Por-H), 6.98 (s, 1H, Th-H), 2.80 (dd, 2H, Th-CH-H), 1.71 (m, 2H, Th-CH2-CH-H), 1.5-1.2 (m, 6H, 
CH2), 0.91 (m, 3H, CH2- CH2-H). 13C NMR (ppm,) δ 139.9, 133.7, 130.5, 128.6, 31.7, 30.5, 29.7, 
29.5, 29.3, 22.7, 14.1. GPC: MN = 24.3 kg/mol; MW = 71.7 kg/mol; PDI = 2.95. 
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 Experimental for Chapter 3 6.3
rra-P3HT homopolymer221 3.2 
 
In an oven-dried 100 ml round-bottom flask dry, powdered FeCl3 (1.0 g, 6.17 mmol) 
was suspended in anhydrous CHCl3 (20 ml) under argon atmosphere. In a microwave vial 
with suba-seal, 3-hexylthiophene 3.1 (280 µl, 1.54 mol) was dissolved in anhydrous CHCl3 
(5 ml) under argon atmosphere. The monomer solution was then transferred via syringe and 
the reaction solution was left stirring at room temperature. An argon stream was directed at 
the solvent surface and the stirred reaction was let run dry overnight, leaving a black crude. 
The crude was suspended in CHCl3 and sonicated to dissolve remaining materials and 
poured into MeOH. The remaining solids were filtered off in a soxhlet thimble and purified 
by soxhlet extraction. The extraction steps using MeOH and acetone removed any residual 
iron compounds and low-molecular weights polymer fractions. 
Chloroform extraction for two days afforded the polymer as an orange, fluorescent 
material which was taken up in minimal chlorobenzene and precipitated into MeOH, yielding 
an orange polymer (122 mg, 46 %, rr = 64 %). 
1H NMR (CDCl3) (ppm) δ 7.33-7.24 (m, 1H, Ar-H, partial overlap with solvent), 7.06-
6.96 (m, 1H, Ar-H)), 2.80–2.54 (m, 2H, Ar-CH2-), 1.71 (m, 2H, Ar-CH2-CH2), 1.34 (m, 6H, CH2), 
0.91 (m, 3H, CH2-CH3). 13C NMR (ppm) δ 128.61, 53.39, 31.68, 30.89, 30.50, 29.25, 22.63, 
14.09. MS (MALDI-TOF): m/z = 24889.8. GPC: MN = 194.73 kg/mol; MW = 577.89 kg/mol; 
PDI = 2.97. 
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5,15-bis(4-(3-hexylthiophen-2-yl)phenyl)-10,20-dimesitylporphyrin 3.4 
 
In a 1l round-bottom flask 5-mesityldipyrromethane (662 mg, 2.49 mmol) and 4-(3-
hexylthiophen-2-yl)benzaldehyde (680 mg, 2.49 mmol) were dissolved in 500 ml CH2Cl2. TFA 
(0.32 ml, 4.4 mmol) was added and the reaction mixture was stirred at room temperature. 
After 30 min the solution had turned dark red. DDQ (0.64 g, 2.49 mmol) was added and the 
mixture was stirred for 1h. The solution was filtered directly through a pad of alumina, 
removing a green side-product. Additional CH2Cl2 was used to elute the product as a red 
solution and the solvent was removed under reduced pressure. The porphyrin was 
suspended in a minimum amount of cold MeOH using a sonication bath, filtered off and 
washed using cold MeOH to afford the final product as a purple solid (290 mg, 11 %). 
1H NMR (CDCl3) (ppm) δ 8.90 (d, 4H, Por-H), 8.74 (d, 4H, Por-H), 8.28 (d, 4H, Por-H), 
7.84 (d, 4H, Por-H), 7.39 (d, 2H, Ar-H), 7.30 (s, 4H, Ar-H), 7.14 (d, 2H, Ar-H), 2.95 (m, 4H, Th-
CH2), 2.64 (s, 6H, Ar-CH3), 1.87 (s, 6H, Ar-CH3), 1.80 (m, 4H, Th-CH2-CH2), 1.47 (m, 4H, CH2), 
1.37 (m, 8H, CH2), 1.27 (m, 4H, CH2), 0.90 (m, 7H, CH3), 0.86 (m, 3H, CH3), -2.57 (s, 2H, NH). 
MS: m/z = 1031.5 [M+H]+. 
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Platinum (II) 5,15-bis(4-(3-hexylthiophen-2-yl)phenyl)-10,20-dimesityl–
porphyrin136 3.5 
 
In a 100 ml 2-necked round-bottom flask with reflux condenser and argon adapter 
porphyrin 3.4 (0.23 mmol) and PtCl2 (148.9 mg, 0.56 mmol) were dissolved in benzonitrile 
(30 ml) under Ar. The solution was bubbled with Ar for 10 min. The reaction was stirred at 
reflux and monitored by UV-Vis spectroscopy. After completion the solvent was removed 
under reduced pressure. The crude was suspended in MeOH using a sonication bath and the 
solid product was filtered off and washed with acetone (60 mg, 50 %). 
1H NMR (CDCl3) (ppm) δ 8.80 (d, 4H, Por-H), 8.64 (d, 4H, Por-H), 8.22 (d, 4H, Por-H), 
7.81 (d, 4H, Por-H), 7.37 (d, 2H, Ar-H), 7.27 (s, 4H, Ar-H), 7.13 (d, 2H, Ar-H), 2.93 (m, 2H, Ar-
CH2), 2.64 (s, 6H, Ar-CH3), 1.8 (s, 11H, Ar-CH3), 1.80 (s, 6H, Ar-CH2-CH2), 1.45 (m, 6H, CH2), 
1.36 (m, 6H, CH2), 1.26 (m, 10H, CH3). MS: m/z = 1104.1 [M-Mes]+. 
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rra-P3HT-porphyrin copolymers221 3.6-3.9 
 
In a typical reaction, 3-hexylthiophene 3.1 and porphyrin 3.5 were dissolved under 
argon atmosphere in 15 and 2 ml chloroform, respectively, and transferred to the reaction 
vessel via syringe. FeCl3 (1 g, 6.17 mmol) was added as a chloroform suspension and the 
reaction was stirred overnight. The product was poured into cold MeOH and the precipitate 
was purified by Soxhlet extraction. The resulting polymers were dissolved in chlorobenzene 
and precipitated into MeOH. 
3.6 
The reaction of 3-hexylthiophene 3.1 (280 µl, 1.54 mol) and porphyrin 3.5 (2.8 mg, 
0.0029 mmol) afforded the product 3.6 as a yellow polymer (80 mg, 30 %, rr = 68 %). 
1H NMR (CDCl3) (ppm) δ 9.05 (m, Por-H), 8.90 (m, Por-H), 8.64 (m, Por-H), 8.48 (m, 
Por-H), 7.36-7.24 (m, 1H, Ar-H, partial overlap with solvent), 7.06–6.96 (m, 1H, Ar-H), 2.84–
2.52 (m, 2H, Ar-CH2-), 1.70 (m, 2H, Ar-CH2-CH2-), 1.46–1.25 (m, 7H, CH2), 0.94–0.80 (m, 4H, 
-CH2-CH3). 13C NMR (ppm) δ 13C NMR (101 MHz, MeOD) δ 139.88, 133.68, 130.48, 129.70, 
128.60, 126.56, 126.41, 121.17, 31.69, 30.51, 29.70, 29.46, 29.26, 29.13, 22.65, 22.60, 14.12, 
1.02. MS (MALDI-TOF): m/z = 4422.4. GPC: MN = 56.63 kg/mol; MW = 270.00 kg/mol; PDI = 
4.94. 
3.7 
3-Hexylthiophene 3.1 (280 µl, 1.54 mol) and porphyrin 3.5 (5.5 mg, 0.0045 mmol) 
were dissolved under argon atmosphere in 5 and 2 ml chloroform, respectively, and 
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transferred to the reaction vessel via syringe, affording a yellow polymer (16 mg, 6 %, 
rr=68 %). 
1H NMR (CDCl3) (ppm) δ 9.06 (m, Por-H), 8.88 (m, Por-H), 8.68 (m, Por-H), 8.22 (m, 
Por-H), 7.06–6.96 (m, 1H, Ar-H), 2.85–2.50 (m, 2H, Ar-CH2-), 1.71 (m, 2H, Ar-CH2-CH2-), 
1.48–1.24 (m, 7H, -CH2-), 0.94–0.85 (m, 3H, -CH2-CH3). 13C NMR (ppm) δ 128.61, 109.98, 
53.39, 31.69, 30.89, 29.68, 29.25, 22.63, 14.09. MS (MALDI-TOF): m/z = 59727.3. GPC: MN = 
52.49 kg/mol; MW = 290.36 kg/mol; PDI = 5.53. 
3.8 
3-Hexylthiophene 3.1 (280 µl, 1.54 mol) and porphyrin 3.5 (14 mg, 0.011 mmol) were 
dissolved under argon atmosphere in 15 and 2 ml chloroform, respectively, and transferred 
to the reaction vessel via syringe, affording a yellow polymer (47 mg, 17 %, rr = 64 %). 
1H NMR (CDCl3) (ppm) δ 9.06 (m, Por-H), 8.90 (m, Por-H), 8.50 (m, Por-H), 8.23 (m, 
Por-H), 7.90 (m, Por-H), 7.73 (m, Por-H), 6.97 (m, 1H, Ar-H), 2.80 (m, 2H, Ar-CH2-), 1.72 (m, 
2H, Ar-CH2-CH2-), 1.48–1.24 (m, 7H, -CH2-), 0.91 (m, 3H, -CH2-CH3). 13C NMR (ppm) δ 
129.70, 128.59, 31.70, 30.52, 29.46, 29.26, 29.14, 22.65, 22.61, 14.13, 14.10, 1.02. MS 
(MALDI-TOF): m/z = 64066.7. GPC: MN = 61.11 kg/mol; MW = 304.61 kg/mol; PDI = 4.98. 
3.9 
3-Hexylthiophene 3.1 (280 µl, 1.54 mol) and porphyrin 3.5 (23.4 mg, 0.019 mmol) 
were dissolved under argon atmosphere in 15 and 2 ml chloroform, respectively, and 
transferred to the reaction vessel via syringe, affording a yellow polymer (24 mg, 8 %, rr = 
75 %). 
1H NMR (CDCl3) (ppm) δ 9.05 (m, Por-H), 8.90 (m, Por-H), 8.64 (m, Por-H), 8.49 (m, 
Por-H), 7.06-6.96 (m, 1H, Ar-H, 2.80 (m, 2H, Ar-CH2-), 1.72 (m, 2H, Ar-CH2-CH2-), 1.48–1.24 
(m, 7H, -CH2-), 0.91 (m, 3H, -CH2-CH3). 13C NMR (ppm) δ 139.86, 129.69, 128.59, 31.69, 
30.51, 29.46, 29.26, 29.11, 22.65, 22.60, 14.12, 1.02. MS (MALDI-TOF): m/z = 44860.9. GPC: 
MN = 40.06 kg/mol; MW = 143.43 kg/mol; PDI = 3.58. 
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TTP polymer 3.10 
 
In a typical reaction 1,4-benzenediboronic acid bis(pinacol) ester 3.12 (191 mg, 0.58 
mmol) and 5,5'-dibromo-4,4'-didecyl-2,2'-bithiophene 3.11 were added to a microwave vial 
capped with a suba seal and flushed with argon. A drop of Aliquot 336 was added to 
degassed toluene (10 ml) and transferred to the reaction mixture via syringe. Argon was 
bubbled through the solution. Tetrakis (0.04 mol-%) was added to the stirred solution and 
the vial was sealed. Na2CO3 solution (1M, 2ml) was added via syringe and the vial was placed 
into a preheated oil bath (80 °C). The reaction was stirred overnight at 115 °C. After cooling, 
the crude polymer was dissolved in chlorobenzene and precipitated by dropwise addition to 
cold MeOH and filtered into a cellulose thimble. The polymer was purified by Soxhlet 
extraction under argon using MeOH, hexane and chloroform. It was then dissolved in 
chlorobenzene, precipitated from MeOH, suction-filtered and dried under reduced pressure, 
affording the product as an orange polymer (100 mg, 33%). 
1H NMR (ppm) δ 7.51 (m, J = 7.1 Hz, 4H, Ph-H), 7.10 (m, J = 2.2 Hz, 2H, Th-H), 2.70 (m, 
4H, T-CH2-CH2-), 1.67 (m, 4H, T-CH2-CH2), 1.4-1.2 (m, 35H, -CH2-), 0.88 (m, 7H, -CH2-CH3). 
13C NMR (ppm) δ 129.1, 50.9, 31.9, 30.9, 29.6, 29.6, 29.5, 29.5, 29.4, 22.7, 14.1. MS (MALDI-
TOF): m/z = 42952.0. GPC: MN = 44.1 kg/mol; MW = 73.0 kg/mol; PDI = 1.65. 
TTP-porphyrin copolymers 3.13-3.16 
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Polymers incorporating porphyrin building blocks were synthesised analogously to 
TTP 3.10, substitution bithiophene 3.11 partially with the respective platinum (II) 
dimesitylbis(bromophenyl)porphyrin 2.14 to achieve predetermined feed ratios. 
3.13 
The reaction of platinum (II) dimesitylbis(bromophenyl)porphyrin 2.14 (1.3 mg, 
0.0012 mmol), 1,4-phenyl-bisboronic acid ethyl ester 3.12 (70 mg, 0.212 mmol) and 5,5' 
dibromo-4,4'-didecyl-2,2'-bithiophene 3.11 (127.5 mg, 0.211 mmol) afforded the product as 
an orange polymer (60 mg, 54 %). 
1H NMR (ppm) δ 8.82 (m, Por-H), 8.64 (m, Por-H), 8.28(m, Por-H), 8.04(m, Por-H), 
7.94(m, Por-H), 7.80, 7.52(m, 4H, Ph-H), 7.10 (m, 2H, Th-H), 2.71 (m, 4H, T-CH2-CH2-), 1.70 
(m, 4H, T-CH2-CH2-), 1.41-1.23 (m, 30H, -CH2-), 0.88 (m, 7H, -CH2-CH3). 13C NMR (ppm) δ 
139.81, 136.19, 135.60, 133.44, 129.13, 126.16, 31.92, 30.90, 29.63, 29.61, 29.52, 29.45, 
29.36, 28.96, 22.70, 14.12. MS (MALDI-TOF): m/z = 22843.8. GPC: MN = 23.5 kg/mol; MW = 
39.8 kg/mol; PDI = 1.71. 
3.14 
The reaction of porphyrin 2.14 (2.6 mg, 0.0025 mmol), 1,4-phenyl-bisboronic acid 
ethyl ester 3.12 (70 mg, 0.212 mmol) and 5,5' dibromo-4,4'-didecyl-2,2'-bithiophene 3.11 
(126.7 mg, 0.210 mmol) afforded the product as an orange polymer (64 mg, 57 %). 
1H NMR (ppm) δ 8.81 (m), 8.64 (m), 8.28 (m), 8.06 (m), 7.92 (m), 7.80 (m), 7.52 (s, 4H, 
Ph-H), 7.10 (s, 2H, Th-H), 2.71 (s, 4H, Th-CH2), 1.69 (m, 4H, Th-CH2-CH2), 1.27 (m, 30H, CH2), 
0.88 (t, 6H, CH3). 13C NMR (ppm) δ 139.82, 136.20, 135.61, 133.45, 129.14, 126.16, 77.26, 
77.00, 76.75, 31.92, 30.90, 29.64, 29.61, 29.52, 29.45, 29.36, 28.96, 22.70, 14.13. MS 
(MALDI-TOF): m/z = 26602.5. GPC: MN = 21.5 kg/mol; MW = 36.6 kg/mol; PDI = 1.70. 
3.15 
The reaction of porphyrin 2.14 (6.5 mg, 0.0062 mmol), 1,4-phenyl-bisboronic acid 
ethyl ester 3.12 (70 mg, 0.212 mmol) and 5,5' dibromo-4,4'-didecyl-2,2'-bithiophene 3.11 
(124.5 mg, 0.206 mmol) afforded the product as an orange polymer (58 mg, 51 %). 
1H NMR (ppm) δ 8.81 (m), 8.64 (m), 8.42 (m), 8.28 (m), 8.04 (m), 7.94 (m), 7.52 (s, 4H, 
Ph-H), 7.10 (s, 2H, Th-H), 2.71 (m, 4H, Th-CH2), 1.68(m, 4H, Th-CH2-CH2), 1.27 (m, 36H, CH2), 
0.88 (m, 6H, CH3). 13C NMR (ppm) δ 139.81, 136.19, 135.61, 133.45, 129.13, 126.16, 31.92, 
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30.90, 29.61, 29.52, 29.45, 29.36, 28.96, 22.70, 14.12. MS (MALDI-TOF): m/z = 11214.1. GPC: 
MN = 10.8 kg/mol; MW = 19.0 kg/mol; PDI = 1.75. 
3.16 
The reaction of porphyrin 2.14 (20 mg, 0.019 mmol), 1,4-phenyl-bisboronic acid ethyl 
ester 3.12 (98 mg, 0.30 mmol) and 5,5' dibromo-4,4'-didecyl-2,2'-bithiophene 3.11 
(169.3 mg, 0.28 mmol) afforded the product as an orange polymer (96 mg, 53%). 
1H NMR δ (ppm) 8.81 (m), 8.64 (m), 8.28 (m), 8.04 (m), 7.51 (br. s., 4H), 7.10 (s, 2H), 
2.70 (m, 4H), 1.68 (m, 4H, Th-CH2-CH2), 1.4-1.2 (m, 12H, CH2), 0.88 (m, 6H, CH2-CH3). 13C 
NMR (ppm) δ 139.8, 129.1, 31.9, 30.9, 29.6, 29.5, 29.5, 29.4, 29.0, 22.7, 14.1. MS (MALDI-
TOF): m/z = 16600.4. GPC: MN = 14.5 kg/mol; MW = 24.6 kg/mol; PDI = 1.70. 
4-Chloromethylbenzaldehyde316 3.19 
 
In a 100 ml round-bottom flask 4-chloromethylbenzonitrile 3.17 (2 g, 13.15 mmol) 
was dissolved in anhydrous chlorobenzene (40 ml) and cooled down to -41 °C using a cooling 
bath (acetonitrile, dry ice). DIBAL-H (26.3 ml, 1 M in THF) was added slowly via syringe and 
the reaction mixture was stirred at -41 °C for 2 h. Ethylacetate (10 ml( was added and the 
reaction was stirred for 1 h. A saturated solution of Rochelle’s salt (20 ml) was added and the 
ice bath removed. After stirring for 30 min more Rochelle’s salt solution (20 ml) was added 
and the emulsion was left stirring overnight to separate. 
The liquid phase was separated and extracted using DCM, solid residues were 
dissolved in DCM and washed with water. The combined organic phases were washed with 
brine and dried using MgSO4 and then poured onto a short silica column. Impurities were 
removed using with a DCM washing step and the product was eluted using MeOH. 
Recrystallisation in hexane afforded the product as a white solid (580 mg, 28 %). 
1H NMR (ppm) δ 10.05 (s, 1H, -CHO), 7.92 (dd, 2H, Ph-H), 7.60 (dd, 2H, Ph-H), 4.67 (s, 
2H, Ph-CH2-Cl). 
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4-Bromomethylbenzaldehyde316 3.20 
 
In a 200 ml round-bottom flask 4-bromomethylbenzonitrile 3.18 (6.4 g, 42.1 mmol) 
was dissolved in anhydrous chlorobenzene (40 ml) and cooled down to -41 °C using a cooling 
bath (acetonitrile, dry ice). DIBAL-H (26.3 ml, 1 M in THF) was added slowly via syringe and 
the reaction mixture was stirred at -41 °C for 2 h. Ethylacetate (10 ml( was added and the 
reaction was stirred for 1 h. A saturated solution of Rochelle’s salt (20 ml) was added and the 
ice bath removed. After stirring for 30 min more Rochelle’s salt solution (20 ml) was added 
and the emulsion was left stirring overnight to separate. 
The liquid phase was separated and extracted using DCM, solid residues were 
dissolved in DCM and washed with water. The combined organic phases were washed with 
brine and dried using MgSO4 and then poured onto a short silica column. Impurities were 
removed using with a DCM washing step and the product was eluted using MeOH. 
Recrystallisation in hexane afforded the product as a white solid (1.0 g, 11 %). 
1H NMR (ppm) δ 10.05 (s, 1H, -CHO), 7.92 (dd, 2H, Ph-H), 7.60 (dd, 2H, Ph-H), 4.67 (s, 
2H, Ph-CH2-Br). 
5,15-Dimesityl-10,20-bis(4-chloromethylphenyl)porphyrin 3.21 
 
In a 500 ml round-bottom flask 5-mesityldipyrromethane (992 mg, 3.75 mmol) and 4-
chloromethylbenzaldehyde (580 mg, 3.75 mmol) were dissolved in 200 ml CH2Cl2, TFA 
(0.1 ml) was added and the reaction mixture was stirred at room temperature. After 3 h the 
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solution had turned dark red. DDQ (1.02 g, 4.5 mmol) was added and the mixture was stirred 
for 1h. The solution was poured directly onto a pad of silica and the product was eluted with 
additional CH2Cl2 eluting as a red solution. The solvent was removed under reduced 
pressure. The porphyrin was suspended in MeOH using a sonication bath, filtered and 
washed using MeOH and acetone to afford the final product as a purple solid (120 mg, 4 %). 
1H NMR (ppm) δ 8.80 (dd, 4H, Ar-H, J = 4.76 Hz), 8.72 (dd, 4H, Ar-H, J = 4.76 Hz), 8.24 
(dd, 4H, Ar-H, J = 7.96 Hz), 7.78 (dd, 4H, Ar-H, J = 8.04 Hz), 7.31 (br. s., 4H, Ar-H), 4.97 (s, 4H, 
Ar-CH2), 2.66 (s, 6H, Ar-CH3), 1.86 (s, 12H, Ar-CH3), -2.61 (s, 2H, N-H). 13C NMR (ppm) δ 
139.38, 134.77, 127.77, 126.93, 118.58, 118.47, 77.32, 77.00, 76.69, 46.31, 30.92, 21.62, 
21.47. 
5,15-Dimesityl-10,20-bis(4-bromomethylphenyl)porphyrin123 3.22 
 
In a 500 ml round-bottom flask 5-mesityldipyrromethane 2.12 (1.06 g,4.0 mmol) and 
4-bromomethylbenzaldehyde (800 mg, 4.0 mmol) were dissolved in 300 ml CH2Cl2, TFA 
(0.1 ml) was added and the reaction mixture was stirred at room temperature. After 3 h the 
solution had turned dark red. DDQ (1.02 g, 4.5 mmol) was added and the mixture was stirred 
for 1h. The solution was poured directly onto a pad of silica and the product was eluted with 
additional CH2Cl2 eluting as a red solution. The solvent was removed under reduced 
pressure. The porphyrin was suspended in MeOH using a sonication bath, filtered and 
washed using MeOH and acetone to afford the final product as a purple solid (30 mg, 1 %). 
1H NMR (ppm) δ 8.80 (dd, 4H, Ar-H, J = 4.76 Hz), 8.72 (dd, 4H, Ar-H, J = 4.76 Hz), 8.24 
(dd, 4H, Ar-H, J = 7.96 Hz), 7.78 (dd, 4H, Ar-H, J = 8.04 Hz), 7.31 (br. s., 4H, Ar-H), 4.97 (s, 4H, 
Ar-CH2), 2.66 (s, 6H, Ar-CH3), 1.86 (s, 12H, Ar-CH3), -2.61 (s, 2H, N-H). 13C NMR (ppm) δ 
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139.38, 134.77, 127.77, 126.93, 118.58, 118.47, 77.32, 77.00, 76.69, 46.31, 30.92, 21.62, 
21.47. 
Palladium (II) 5,15-dimesityl-10,20-bis(4-chloromethylphenyl)porphyrin 3.23 
 
3.23a136 
In a capped microwave vial the freebase porphyrin 3.21 (30 mg, 0.038 mmol) and 
Pd(OAc)2 (12.7 mg, 0.057 mmol) were dissolved in benzonitrile (3 ml) under Ar. Argon was 
then bubbled through the solution for 10 min to replace residual oxygen. The reaction was 
stirred at reflux and monitored by UV-Vis spectroscopy. Upon completion of the reaction, 
the reaction mixture was poured onto a short silica column to remove inorganic side 
products. However, the crude product didn’t leave the baseline using chlorinated solvents 
and no further separation or analysis was therefore conducted. 
3.23b263 
In a capped microwave vial the freebase porphyrin 3.21 (44 mg, 0.055 mmol) and 
Pd(OAc)2 (19 mg, 0.085 mmol) were dissolved in chloroform (4 ml) under Ar. Argon was then 
bubbled through the solution for 10 min to replace residual oxygen. The reaction was stirred 
at reflux and monitored by UV-Vis spectroscopy. Upon completion of the reaction, the 
solution was poured onto a short silica column and washed with DCM to remove inorganic 
side products. The solvent was removed under reduced pressure and the crude was 
suspended in MeOH using a sonication bath, the solid product was filtered off and washed 
with acetone. The product was isolated as an orange powder (29 mg, 58 %). 
 
185 
1H NMR (ppm) δ 8.76 (d, 4H, J = 4.9 Hz, Ar-H), 8.68 (d, 4H, J = 4.9 Hz, Ar-H), 8.20 (d, 
4H, J = 8.0 Hz, Ar-H), 7.79 (d, 4H, J = 8.0 Hz, Ar-H), 7.29 (s, 4H, Ar-H), 4.97 (s, 4H, Ar-CH2), 
2.64 (s, 6H, CH3), 1.83 (s, 12H, CH3).13C NMR (ppm) δ 21.5. 
Platinum(II) 5,15-dimesityl-10,20-bis(4-chloromethylphenyl)porphyrin136 3.24 
 
In a capped microwave vial the freebase porphyrin 3.21 (30 mg, 0.038 mmol) and 
PtCl2 (12 mg, 0.045 mmol) were dissolved in benzonitrile (3 ml) under Ar. Argon was then 
bubbled through the solution for 10 min to replace residual oxygen. The reaction was stirred 
at reflux and monitored by UV-Vis spectroscopy. Upon completion of the reaction, the 
reaction mixture was poured onto a short silica column to remove inorganic side products. 
However, the crude product didn’t leave the baseline using chlorinated solvents and no 
further separation or analysis was therefore conducted. 
1,4-Bis(octyloxy)benzene 3.26 
 
In a 250 ml round-bottom flask K2CO3 (49.8 g, 0.36 mmol) was added to a 
hydroquinone 3.25 (4 g, 0.036 mmol) solution of anhydrous DMF (60 ml) under argon 
atmosphere. The reaction mixture was stirred for 30 min, followed by addition of 1-bromo-
octane (18.7 ml, 0.108 mmol) and of catalytic amounts of 18-crown-6. The reaction was 
stirred at 80 °C overnight. 
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After cooling the suspension was diluted by adding CHCl3. The crude was washed 
using H2O and brine and the organic phase was dried over Na2SO4. The solvent was removed 
under reduced pressure, and the product re-crystallised using hexane, affording the product 
as a pale yellow solid (8.07 g, 67 %). 
1H NMR (ppm) δ 6.84 (s, 4H, Ar-H), 3.92 (dd, 4H, Ar-CH2), 1.77(m, 4H, CH2), 1.46 (m, 
4H, CH2), 1.32 (m, 19H, CH2), 0.91 (m, 6H, CH3). 
2,5-Bis(chloromethyl)-1,4-dioctyloxy-benzene 3.27 
 
Under argon atmosphere 1,4-bis(octyloxy)benzene 3.26 (3.0 g, 9.04 mmol) and an 
excess of paraformaldehyde (2.71 g, 90.4 mmol) were loaded into a 3-necked 100 ml round-
bottom flask equipped with thermometer and reflux condenser. After addition of HCl 
(40 ml), acetic anhydride (70 ml) was added via a dropping funnel, taking care to keep the 
reaction temperature below 70 °C. The reaction was then stirred at 75 °C for 3.5 h. 
The reaction was let cool down to room temperature and NaOAc and NaOH solutions 
were added to the mixture, which was then stirred at 60 °C. After cooling down, a cream-
coloured solid formed which was filtered off and washed with H2O and brine and dried over 
MgSO4. The solvent was removed under reduced pressure, affording the product as a white 
solid (3.05 g, 78 %). 
1H NMR (ppm) δ 6.93 (s, 2H, Ar-H), 4.66 (s, 4H, Ar-CH2-Cl) 4.00 (dd, 4H, Ar-CH2-), 1.82 
(m, 4H, CH2), 1.49 (m, 4H, CH2), 1.34 (m, 17H, CH2), 0.91 (m, 3H, CH3). 
Poly(2,5-bis(octyloxy)-1,4-phenylenevinylene) 3.28 
 
3.28a 
In a typical Gilch polymerisation reaction, the tetrabromomethane additive (38 mg, 
0.115 mmol) was vacuum-dried overnight to remove traces of water. It was then loaded into 
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an oven-dried microwave vial together with the 2,5-bis(chloromethyl)-1,4-dioctyloxy-
benzene monomer 3.27 (100 mg, 0.23 mmol) and flushed with argon. Anhydrous dioxane 
(11 ml) was added and argon was bubbled through the solution for 15 min. Potassium tert-
butoxide (36 mg, 0.30 mmol) was added and the reactions was stirred for 10 min. Another 
charge of potassium tert-butoxide (85 mg, 0.76 mmol) was added and the reaction solution 
was stirred for 2 h at room temperature. It was then heated to 98 °C and stirred for another 
2 h. 
After cooling to room temperature, H2O (10 ml) was added under vigorous stirring 
and HCl (1M, 2ml) and methanol (1 ml) were added. The crude polymer was filtrated using a 
Teflon filter paper and dried under reduced pressure and re-dissolved in THF (10 ml) at 
68 °C. After cooling to 40 °C, dropwise addition of MeOH induced the precipitation of the 
polymer which was then filtered off, washed with MeOH and dried under reduced pressure. 
Due to solubility issues NMR and UV-Vis spectra were not recorded. Maldi-TOF mass 
spectrometry was conducted for all polymers in this batch using a 6-aza-2-thiothymine 
matrix which didn’t reveal any higher molecular weight fractions. 
GPC: MN = 80.0 kg/mol; MW = 188.3 kg/mol; PDI = 2.35. 
3.28b 
2,5-Bis(chloromethyl)-1,4-dioctyloxy-benzene (100 mg, 0.23 mmol) 3.27 was 
polymerised in anhydrous dioxane (11 ml) using tetrabromomethane (38 mg, 0.116 mmol) 
and potassium tert-butoxide (36 mg, 0.30 mmol; 111 mg, 0.99 mmol) and afforded the 
product as a red solid (60 mg, 72 %). 
Due to solubility issues NMR and UV-Vis spectra were not recorded. 
GPC: MN = 53.5 kg/mol; MW = 105.3 kg/mol; PDI = 1.97. 
3.28c 
2,5-Bis(chloromethyl)-1,4-dioctyloxy-benzene 3.27 (100 mg, 0.23 mmol) was 
polymerised in anhydrous dioxane (11 ml) using tetrabromomethane (46 mg, 0.138 mmol) 
and potassium tert-butoxide (36 mg, 0.30 mmol; 85 mg, 0.76 mmol) and afforded the 
product as a yellow solid (~1 mg). 
Due to the solubility issues NMR and UV-Vis spectra were not recorded. 
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GPC: MN = 2.3 kg/mol; MW = 3.45 kg/mol; PDI = 1.47. MS: m/z = 1435.9, 1765.1, 
2364.9, 2788.8, 3053.2, 3622.5, 4038.0, 4406.7, 4429.4, 5091.4, 5553.9, 5938.8. 
3.28d 
2,5-Bis(chloromethyl)-1,4-dioctyloxy-benzene 3.27 (100 mg, 0.23 mmol) was 
polymerised in anhydrous dioxane (10 ml) using tetrabromomethane (38 mg, 0.116 mmol) 
and potassium tert-butoxide (33 mg, 0.30 mmol; 85 mg, 0.76 mmol) and afforded the 
product as a red solid (60 mg, 72 %). 
Due to solubility issues NMR and UV-Vis were not recorded. 
GPC: MN = 39.4 kg/mol; MW = 87.8 kg/mol; PDI = 2.08. 
3.28e 
2,5-Bis(chloromethyl)-1,4-dioctyloxy-benzene 3.27 (100 mg, 0.23 mmol) was 
polymerised in anhydrous dioxane (5 ml) using tetrabromomethane (38 mg, 0.116 mmol) 
and potassium tert-butoxide (33 mg, 0.30 mmol; 111 mg, 0.99 mmol) and afforded the 
product as a red solid (62 mg, 75 %). 
The product was partially soluble and was fractionated for spectral analysis using a 
soxhlet extraction (MeOH, hexane, DCM). The MeOH and hexane fractions as well as the 
insoluble residues were discarded. 
1H NMR (ppm) δ 7.52 (br. s., 1H, Ar-H), 7.19 (br. s., 1H, Ar-H), 4.09 (m, 4H, Ar-O-CH2), 
1.91 (m, 4H, Ar-O-CH2-CH2), 1.31 (m, 19H, CH2) , 0.90 (m, 8H, CH3). 13C NMR (ppm) δ 31.91, 
29.37, 26.31, 22.68, 14.09. GPC (non-fractioned): MN = 28.9 kg/mol; MW = 43.9 kg/mol; PDI = 
1.52. UV (chlorobenzene): λmax = 499 nm. 
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PPV-porphyrin copolymer 3.29 
 
3.29a 
For a typical Gilch copolymerisation, the tetrabromomethane additive (41 mg, 
0.124 mmol) was vacuum-dried overnight to remove traces of water. It was then loaded into 
an oven-dried microwave vial. 2,5-Bis(chloromethyl)-1,4-dioctyloxy-benzene 3.27 (96.3 mg, 
0.22 mmol) and palladium(II) 5,15-dimesityl-10,20-bis(4-chloromethylphenyl)porphyrin 3.23 
(21.8 mg, 0.024 mmol) were added and flushed with argon. Anhydrous dioxane (13 ml) was 
added and argon was bubbled through the solution for 15 min. Potassium tert-butoxide 
(36 mg, 0.32 mmol) was added and the reactions was stirred for 10 min. Another charge of 
potassium tert-butoxide (91 mg, 0.82 mmol) was added and the reaction solution was stirred 
for 2 h at room temperature. It was then heated to 98 °C and stirred for another 2 h. 
After cooling to room temperature, H2O (10 ml) was added under vigorous stirring 
and HCl (1M, 2ml) and methanol (1 ml) were added. The crude polymer was filtrated using a 
Teflon filter paper and dried under reduced pressure and re-dissolved in THF (10 ml) at 
68 °C. After cooling to 40 °C, dropwise addition of MeOH induced the precipitation of the 
polymer which was then filtered off, washed with MeOH and dried under reduced pressure, 
affording the product as an orange solid (30 mg, 30 %). 
The polymer was fractionated using Soxhlet extraction (hexane, DCM, CHCl3). The 
hexane fraction was discarded and the other two fractions used for further analysis, both 
proving having identical spectroscopic properties. 1H NMR provided no indication of the 
successful incorporation of the porphyrin, neither in the DCM nor in the chloroform fraction. 
1H NMR (ppm) δ 7.52 (br. s., 1H, Ar-H), 7.19 (br. s., 1H, Ar-H), 4.09 (br. s., 4H, O-CH2), 
1.90 (m, 4H, CH2) 1.31 (m, 24H, CH2), 0.90 (m, 6H, CH3). 13C NMR (ppm) δ 31.91, 29.50, 
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29.37, 26.32, 22.68, 14.09. UV (thin film): λmax = 378 nm. GPC: MN = 20.1 kg/mol; MW = 44.3 
kg/mol; PDI = 2.20. 
3.29b 
2,5-Bis(chloromethyl)-1,4-dioctyloxy-benzene 3.27 (96.3 mg, 0.22 mmol) and 
palladium(II) 5,15-dimesityl-10,20-bis(4-chloromethylphenyl)porphyrin 3.23 (21.8 mg, 
0.024 mmol) were polymerised in anhydrous dioxane (13 ml) using tetrabromomethane 
(41.0 mg, 0.124 mmol) and potassium tert-butoxide (36 mg, 0.32 mmol; 91 mg, 0.82 mmol) 
and afforded the product as an orange solid (20 mg, 20 %). 
1H NMR provided no indication of the successful incorporation of the porphyrin.  
GPC: MN = 12.4 kg/mol; MW = 26.1 kg/mol; PDI = 2.10. 
3.29c 
2,5-Bis(chloromethyl)-1,4-dioctyloxy-benzene 3.27 (96.3 mg, 0.22 mmol) and 
palladium(II) 5,15-dimesityl-10,20-bis(4-chloromethylphenyl)porphyrin 3.23 (12.6 mg, 
0.014 mmol) were polymerised in anhydrous dioxane (13 ml) using tetrabromomethane 
(24.6 mg, 0.024 mmol) and potassium tert-butoxide (36 mg, 0.32 mmol; 91 mg, 0.82 mmol) 
and afforded the product as an orange solid (28 mg, 28 %). 
1H NMR provided no indication of the successful incorporation of the porphyrin. 
GPC: MN = 50.9 kg/mol; MW = 130.8 kg/mol; PDI = 2.57. 
Zinc(II) 5,15-dimesityl-10,20-bis(4-bromomethylphenyl)porphyrin317 3.30 
 
In a microwave vial the freebase porphyrin 3.21 (30 mg, 0.034 mmol) was dissolved 
in DCM (10 ml). Zinc acetate monohydrate (37 mg, 0.170 mmol) was dissolved in MeOH 
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(2 ml) and added to the reaction vessel. The solution was stirred for 1 h under reflux 
conditions. 
The reaction was filtered using a short silica column and the solvent was removed 
under reduced pressure, affording the product as a purple solid (14 mg, 42 %). 
1H NMR (ppm) δ 8.90 (d, 4H, Por-H), 8.81 (d, 4H, Por-H), 8.24 (d, 4H, Por-H), 7.80 (d, 
4H, Por-H), 7.31 (s, 4H, Ar-H), 4.88 (s, 4H, Ar-CH2Br), 2.66 (s, 6H, Ar-CH3), 1.85 (s, 12H, Ar-
CH3). 13C NMR (ppm) δ 149.98, 149.90, 139.24, 136.94, 134.77, 132.24, 130.89, 127.68, 
127.28, 119.45, 77.34, 77.02, 76.70, 33.70, 21.65, 21.49. 
Zinc(II) 5,15-dimesitylporphyrin-10,20-bis(4-phenylene-methylene-diethyl-
phosphonate)317 3.31 
 
In a microwave vial (14 mg, 0.015 mmol) was placed under argon atmosphere. 
Triethyl phosphite (5 ml, 29.2 mmol) was added as solvent and reagent and the reaction was 
refluxed overnight under argon. 
The solvent was removed under reduced pressure using a rotary evaporator. The 
product was afforded as a violet solid (20 mg, 89 %) and used without further purification. 
1H NMR (ppm) δ 8.74 (s, 4H, Ar-H), 8.66 (s, 3H, Ar-H), 7.95 (s, 4H, Ar-H), 7.34 (s, 4H, 
Ar-H), 4.17 (m, 4H, Ar-CH2), 2.69 (s, 6H, CH3), 1.95 (br. s., 12H, CH3), 1.95 (m, 16H), 1.35 (m, 
12H), 0.79 (m, 18H). 13C NMR (ppm) δ 149.83, 130.32, 127.55, 21.88, 21.50. MS (MALDI-
TOF): m/z = 1060.8, 1061.8 ([M+H]+). 
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1,4-Dioctyloxy-benzene-2,5-bis(diethylphosphonate) 3.32 
 
In a 100 ml round-bottom flask with reflux condenser 2,5-bis(chloromethyl)-1,4-
dioctyloxy-benzene 3.27 (1.2 g, 2.78 mmol) is placed under argon atmosphere. Triethyl 
phosphite (50 ml, 292 mmol) is added as solvent and reagent and the reaction is refluxed for 
4 h and then left stirring overnight. The residual solvent was removed under reduced 
pressure using a rotary evaporator. The product was afforded as a white solid (1.6 g, 90 %) 
and used without further purification. 
1H NMR (ppm) δ 6.93 (s, 2H, Ph-H), 4.04 (m, 8H, O-CH2), 3.93 (m, 4H, O-CH2), 3.27 (s, 
2H), 3.22 (s, 2H), 1.78 (m, 4H, CH2), 1.46 (m, 4H, CH2), 1.33 (m, 19H, CH2), 1.25 (m, 14H, 
CH3), 0.91 (m, 7H, CH3). 
2,5-Diformyl-1,4-dioctyloxy-benzene58 3.33 
 
In a 100 ml round-bottom flask a solution of NaOEt (3.65 ml, 3M in EtOH) was placed 
and EtOH (7.3 ml) was added to form a 1M solution. Nitropropane (1 ml, 10.9 mmol) was 
added forming a white precipitate. 2,5-Bis(chloromethyl)-1,4-dioctyloxy-benzene 3.27 was 
dissolved in hot EtOH (50 ml), added to the reaction mixture and stirred under reflux 
conditions for 4 h. The reaction was left stirring at room temperature overnight. 
The crude product was extracted with diethyl ether, washed with water and sodium 
hydroxide solution and dried over MgSO4. The solvent was evaporated and the product 
recrystallised using hexane, affording the product as a yellow solid (1.0 g, 47 %). 
1H NMR (ppm) δ 10.54 (s, 2H, CHO), 7.45 (s, 2H, Ph-H), 4.10-3.96 (m, 8H, O-CH2), 1.85 
(m, 6H, CH2), 1.36 (m, 28H, CH2), 0.91 (m, 9H, CH3). 
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Poly(2,5-bis(octyloxy)-1,4-phenylenevinylene)60 3.34 
 
For the HWE polymerisation reaction 1,4-dioctyloxy-benzene-2,5-
bis(diethylphosphonate) 3.33 (81 mg, 0.128 mmol) and 2,5-diformyl-1,4-dioctyloxy-benzene 
3.32 (50 mg, 0.128 mmol) were loaded into a microwave vial under argon atmosphere. 
Anhydrous toluene (2ml) was added and the mixture was stirred. Potassium tert-butoxide 
(43 mg, 0.384 mmol) was added to the solution in one go, then the vial was capped and the 
atmosphere replaced with argon. The reaction mixture was refluxed overnight. 
After cooling, HCl was added under vigorous stirring. The crude product was washed 
with water three times and the organic phase separated. Removal of the solvent occurred 
under reduced pressure and the polymer was purified using soxhlet extraction (MeOH, 
CHCl3), affording the product as a red solid (29 mg, 63 %). 
1H NMR (ppm) δ 8.73 (s, 3H), 8.65 (s, 2H), 7.94 (s, 2H), 7.33 (s, 2H, Ph-H), 6.12 (m, 2H, 
vinyl-H), 4.17 (m, 21H, O-CH2), 1.87 (m, 26H, CH2) 1.66 (d, 3H), 1.37 (m, 28H, CH2), 1.29 (m, 
12H, CH3), 0.86 (m, 6H, CH3). 13C NMR (ppm) δ 149.83, 139.24, 134.50, 130.31, 127.54, 
64.35, 64.28, 64.16, 64.11, 64.04, 63.98, 63.67, 63.61, 21.88, 16.16, 16.09, 16.01. GPC 
(MeOH): MN = 13.6 kg/mol, MW = 16.8 kg/mol, PDI = 1.24. GPC (CHCl3): MN = 30.6 kg/mol, 
MW = 40.1 kg/mol, PDI = 1.31. 
PPV-porphyrin copolymer 3.35 
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3.35a 
The HWE copolymerisation reaction was conducted following a modified literature 
procedure.60 1,4-dioctyloxy-benzene-2,5-bis(diethylphosphonate) 3.33 (44.8 mg, 
0.125 mmol), 2,5-diformyl-1,4-dioctyloxy-benzene 3.32 (50 mg, 0.128 mmol) and zinc (II) 
5,15-dimesitylporphyrin-10,20-bis(4-methylenephenyl-diethyl¬phosphonate) 3.31 (7 mg, 
0.0066 mmol) were loaded into a microwave vial under argon atmosphere. Anhydrous 
toluene (2ml) was added and the mixture was stirred. Potassium tert-butoxide (23.4 mg, 
0.21 mmol) was added to the solution in one go, then the vial was capped and the 
atmosphere replaced with argon. The reaction mixture was refluxed overnight. 
After cooling, HCl was added under vigorous stirring. The crude product was washed 
with water three times and the organic phase separated and the residual solvent removed 
under reduced pressure. The polymer was taken up in hot THF and precipitated into cold 
MeOH and fractioned using soxhlet extraction (acetone, CHCl3), affording the product as a 
red solid (26 mg, 26 %). 
1H NMR (ppm) δ 10.04 (s), 8.99 (m), 8.82 (m), 8.26 (m), 8.09 (m), 7.88 (dd, 1H, vinyl-
H), 7.60 (dd, 1H, vinyl-H, J = 10.1 Hz, J =7.0 Hz), 7.52 (m, 1H, Ar-H), 7.19 (m, 1H, Ar-H), 4.54 
(s, 2H), 4.09 (m, 4H, O-CH2), 1.88 (m, 4H, CH2), 1.62 (m, 4H, CH2), 1.31 (m, 14H, CH2), 0.90 
(m, 5H, CH3). 13C NMR (ppm) δ 130.15, 129.66, 53.41, 30.91, 29.48, 22.68, 14.08. GPC 
(acetone): MN = 2.26 kg/mol, MW = 2.80 kg/mol, PDI = 3.49. GPC (CHCl3): MN = 5.02 kg/mol, 
MW = 6.80 kg/mol, PDI = 1.36. 
3.35b 
1,4-dioctyloxy-benzene-2,5-Bis(diethylphosphonate) 3.33 (71.6 mg, 0.113 mmol), 
2,5-diformyl-1,4-dioctyloxy-benzene 3.32 (54.3 mg, 0.139 mmol) and 5,15-
dimesitylporphyrin-10,20-bis(4-methylenephenyl-diethylphosphonate) 3.31 (13 mg, 
0.012 mmol) were polymerised using in anhydrous toluene (2ml) using potassium tert-
butoxide (23.4 mg, 0.21 mmol). The product was afforded as a red solid (45 mg, 45 %). 
1H NMR (ppm) δ 8.99 (m), 8.82 (m), 8.25 (m), 7.94 (m), 7.83 (m), 7.73 (m), 7.65 (m), 
7.52 (m, 1H, Ph-H / vinyl-H), 7.49 (m, 1H, Ph-H / vinyl-H), 7.19 (m, 1H, Ph-H / vinyl-H), 7.17 
(m, 1H, Ph-H / vinyl-H), 4.08 (m, 5H, O-CH2), 1.91 (m, 6H, CH2), 1.28 (m, 38H, CH2), 0.90 (m, 
15H, CH3). 13C NMR (ppm) δ 206.90, 53.41, 30.92, 22.68. GPC (acetone): MN = 2.05 kg/mol, 
MW = 2.56 kg/mol, PDI = 1.25. GPC (CHCl3): MN = 4.34 kg/mol, MW = 7.01 kg/mol, PDI = 1.61. 
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Zinc(II) 5,10,15,20-tetraphenylporphyrin317 
 
In a 50 ml round-bottom flask with reflux condenser freebase tetraphenyl porphyrin 
2.3 (100 mg, 0.16 mmol) was dissolved in DCM (20 ml). Zn(OAc)2 ∙ 2 H2O (179 mg, 
0.81 mmol) was dissolved in MeOH (5 ml) and added to the reaction flask. The reaction 
mixture was stirred under reflux for 1 h. 
After cooling down, the solvents were evaporated, the crude was taken up in DCM 
and inorganic residues were removed via filtration with a short silica column. Sonication in 
MeOH and successive filtration afforded the product as a violet solid (104 mg, 94 %). The 
compound was used for spectroscopic reference. 
1H NMR (ppm) δ 8.98 (s, 8H, Ar-H), 8.25 (m, 8H, Ph-H), 7.78 (m, 12H, Ph-H). UV-Vis 
(chlorobenzene): λmax = 424 nm. 
 Experimental for Chapter 4 6.4
Tetramesitylporphyrin318 4.1 
 
In a 1 l round-bottom flask mesitaldehyde (8 ml, 54.4 mmol) and pyrrole (3.96 ml, 
54.4 mmol) were dissolved in CHCl3 (500 ml) under argon. The reaction was degassed for 
10 min and BF3 ∙ OEt2 (0.4 ml, 1.92 mmol) was added via syringe. The reaction was stirred for 
3 h at room temperature. DDQ (1 g, 4.4 mmol) was added and the reaction was stirred under 
reflux conditions for 1 h. 
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The product solution was passed through a short silica column and the resulting 
crude was purified by sonication in MeOH and subsequent filtration, yielding the product as 
a purple solid (160 mg, 0.4 %). 
1H NMR (ppm) δ 8.64, 7.29, 7.29, 7.28, 7.28, 2.65, 1.88, 1.57, 1.28, 0.10, -2.48.).  
Palladium (II) tetramesitylporphyrin272 4.2 
 
In a 250 ml round-bottom flask tetramesitylporphyrin (250 mg, 0.31 mmol), NaOAc 
(55 mg, 0.67 mmol) and PdCl2 (212 mg, 1.2 mmol) were dissolved in a mix of acetic acid 
(66 ml) and CHCl3 (33 ml). The reaction was refluxed overnight. The reaction completion was 
determined by UV-Vis spectroscopy. 
The product was extracted with diethyl ether and the extract was washed with 
water, Na2CO3 and brine and dried over MgSO4. The crude was purified by sonication in 
hexane and filtered off, yielding the product as an orange solid (230 mg, 83 %). 
1H NMR (ppm) δ 8.60 (s, 8H, Ar-H), 2.63 (s, 12H, CH3), 1.85 (s, 24H, CH3). UV-Vis 
(chlorobenzene): 412 nm, 422nm , 524 nm. 
Palladium (II) β-nitro-tetramesitylporphyrin258 4.3 
 
In a 50 ml round-bottom flask palladium (II) tetramesitylporphyrin 4.2 (100 mg, 
0.11 mmol) was dissolved in chloroform (20 ml) and heated to 45 °C. LiNO3 (68.3 mg, 
0.99 mmol) was dissolved in a mixture of acetic acid (5 ml) and acetic anhydride (4 ml), 
added to the reaction solution and stirred at 45 °C overnight.  
The reaction solution was neutralised with NaHCO3 (aq.). The organic phase was 
separated, washed with water and brine and dried over MgSO4. Excess solvents were 
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removed under reduced pressure. The compound was purified by sonication in methanol 
and filtered off to afford the product (50 mg, 50 %). 
1H NMR (ppm) δ 8.60 (m, 7H, Ar-H), 7.28, (br. s., 8H, Ar-H), 2.63 (s, 12H, CH3), 1.86 (s, 
24H, CH3). 
Palladium (II) β-amino-tetramesitylporphyrin-7,8-dione273 4.5 
 
In a 50ml round-bottom flask palladium (II) β-nitro-tetramesitylporphyrin 4.3 (50 mg, 
0.06 mmol) was dissolved in a mixture of anhydrous DCM (15 ml) and anhydrous MeOH 
(5 ml) under argon atmosphere. Sodium borohydride (26 mg, 0.68 mmol) and Palladium on 
activated carbon (45 mg) were added and the reaction was stirred for 3h at room 
temperature. 
Reaction completion was verified by TLC, the solvents were removed under reduced 
pressure. The crude was dissolved in DCM, purified using a short silica column and then used 
without further purification. 
The intermediate was taken up in DCM (20 ml) and transferred to a reaction vessel 
and stirred under ambient atmosphere for 2 h. The solution was irradiated by a 500 W 
tungsten filament light bulb. A vessel containing water was used to filter out IR radiation and 
to negate any heat-inducing effects produced by the lamp. The organic solvents were 
removed and the crude was purified by column chromatography (DCM:PB), yielding a mix of 
several products. 
1H NMR (ppm) δ 8.61 (s, 2H), 8.32 (m, 1H), 8.27 (s, 2H), 8.25 (d, 2H), 8.08 (d, 2H), 7.23 
(s, 6H), 7.20 (s, 6H), 7.20–7.00 (m, 12H), 2.65–2.45 (m, 37H), 1.95–1.80 (m, 61 H), 1.65–1.55 
(m, 19H), 1.35–1.15 (m, 62H), 1.00–0.80 (m, 37H). 
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Copper (II) tetramesitylporphyrin272 4.8 
 
In a microwave vial tetramesitylporphyrin 4.1 (100 mg, 0.13 mmol) and Cu(OAc)2 
(77 mg, 0.38 mmol) were dissolved in a DCM:MeOH mix (10:1, 11 ml) and stirred under 
reflux conditions overnight. 
The successful synthesis was verified by TLC and the reaction solution was passed 
through a short silica column with DCM to remove inorganic residues. The organic solvents 
were removed under reduced pressure and the compound used without further purification 
(90 mg, 81 %). NMR spectroscopy was not successful. 
TLC (PB:DCM 2:1): RF = 0.28 (starting material), 0.43 (product). IR: >3.000 cm-1 
(aromatic region), <3.000 cm-1 (aliphatic region). MS (ES-TOF): m/z = 845.2 ([M+H]+), 878.4. 
Copper (II) β-nitro-tetramesitylporphyrin275 4.9 
 
In a microwave vial copper (II) tetramesitylporphyrin (50 mg, 0.06 mmol) was 
dissolved in CHCl3 (10 ml) and heated to 45 °C. LiNO3 (36.8 mg, 0.53 mmol) was dissolved in 
a solution of acetic acid (2 ml) and acetic anhydride (2.5 ml), added to the reaction vessel 
and stirred for 2 h. 
The reaction mixture was then neutralised with NaHCO3 (aq.), washed with water 
(3x) and dried over MgSO4. The organic phases were removed under reduced pressure and 
the crude was sonicated in MeOH and filtered off, yielding the product (60 mg, 28 %). 
TLC (PB:DCM 2:1): RF = 0.51 (starting material), 0.33 (product). IR: >3.000 cm-1 
(aromatic region), <3.000 cm-1 (aliphatic region). MS (MALDI-TOF): m/z = 843.5([M-NO2]+), 
888.5 ([M]+). 
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β-Nitro-tetramesitylporphyrin 4.10 
 
In a microwave vial copper (II) β-nitro-tetramesitylporphyrin 4.9 (50 mg, 0.056 mmol) 
was rigorously stirred in TFA (3.8 ml). H2SO4 (cc, 0.8 ml) was added and the solution turned 
green. After stirring for 2.5 h the reaction mixture was carefully neutralised with saturated 
aqueous NaHCO3 and extracted with chloroform. The extract was washed with water and 
dried over MgSO4. The solvent was removed under reduced pressure and the crude was 
sonicated in hexane and filtered off, affording the final product (10 mg, 22 %). 
Tetramesitylporphyrin-7,8-dione 4.12 
 
4.12a 
In a microwave vial β-Nitro-tetramesitylporphyrin 4.10 (36 mg, 0.044 mmol) was 
dissolved in a mixture of DCM (10 ml) and MeOH (2.5 ml). 10% Palladium on activated 
carbon (38 mg) was added and the solution was stirred and degassed with argon. Sodium 
borohydride (42 mg, 1.1 mmol) was added over 10 min and the reaction was stirred at room 
temperature in the dark for 1 h. The reaction solution was then passed through a short silica 
column and eluted using DCM. The organic solvents were removed under reduced pressure 
and the labile compound was used without further purification. 
The obtained compound was dissolved in DCM (5 ml) and DMP (0.18 ml, 0.053 mmol) 
was added. The reaction mixture was stirred in the dark at room temperature for 5 h. 
Hydrochloric acid (1 M, 3 ml) was added and the reaction stirred for 45 min. The organic 
phase was extracted, washed with water, saturated Na2CO3 solution and water and dried 
 
200 
over MgSO4. The solvents were removed under reduced pressure. Column chromatography 
(PE:DCM 3:2) was conducted to give a mix of products. Further purification was not possible 
due to the insufficient amount of material obtained. 
1H NMR (ppm) δ 7.02, 2.37, 1.30, 1.28, 0.90. 
4.12b 
In a microwave vial β-Aceto-porphyrin 4.10 (50 mg, 0.059 mmol) was dissolved in 
DCM (5 ml) and the atmosphere was replaced by bubbling argon through the solution for 10 
min. K2CO3 (54 mg, 0.39 mmol) was dissolved in MeOH (5ml) under argon and transferred to 
the reaction solution which was stirred in the dark at room temperature for 3 h. The reaction 
mixture was washed with water, dried over MgSO4 and the solvents removed under reduced 
pressure.  
The crude was used directly due to its sensitivity to light and air. The compound was 
dissolved in DCM (5 ml) and DMP (0.85 ml, 0.3 M) was added. After bubbling Ar through the 
solution for 10 min, the reaction was stirred in the dark for 4 h. The reaction solution was 
filtered through a pad of celite and the solvents removed under reduced pressure. The crude 
was purified by column chromatography affording the product as a solid with very low yield. 
β-Aceto-porphyrin269 4.14 
 
In a typical reaction, tetramesitylporphyrin 4.1 (160 mg, 0.20 mmol) was dissolved in 
anhydrous CHCl3 (13 ml) under argon. Silver acetate (132 mg, 0.79 mmol) and iodine 
(162 mg, 1.27 mmol) were added and the solution was stirred at room temperature in the 
dark for 3 h. 
The reaction mixture was washed with an aqueous Na2SO3 solution, water (3x) and 
brine and dried over MgSO4. The solvent was removed under reduced pressure and the 
crude purified by column chromatography (DCM:PB 1:1) affording the product as solid 
(10 mg, 8 %). 
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1H NMR (ppm) δ 8.70–8.35 (m, 7H, Ar-H), 7.29 (s, 4H, Ph-H, partially obscured by 
solvent), 2.64 (m, 11H, CH3), 1.89m, 24H, CH3), -2.59 (s, 2H, N-H). 
Ethyl tetrahydroisoindole carboxylate277 4.17 
 
4.17a 
In a 250 ml round-bottom flask ethylisocyanoacetate (4.26 ml, 39 mmol) and nitro-
cyclohexene (5 g, 39 mmol) were dissolved in THF (50 ml). DBU (7 g, 46 mmol) in isopropanol 
(50 ml) was added and the reaction was stirred at room temperature overnight. 
DCM was added to the mixture and the organic phase was washed with water and 
brine and was dried over MgSO4. Column chromatography over silica (DCM with 1 % NEt3) 
afforded the product as a yellow oil (400 mg, 5 %). 
1H NMR (ppm) δ 8.75 (br. s., 1H, NH), 6.64 (m, 1H, Ar-H), 4.30 (m, 2H, O-CH2), 2.81 
(m, 2H, CH2), 2.54 (m, 2H, CH2), 1.74 (m, 5H, CH2), 1.34 (m, 4H, CH3). 
4.17b 
In a 100 ml round-bottom flask tBuOK (1.34 g, 12.0 mmol) was suspended in 
anhydrous THF (30 ml) under argon. Ethylisocyanoacetate (1.31 ml, 12.0 mmol) was added 
via syringe and the reaction vessel was cooled down using an ice bath. 
Cyclohexenylsulfonylbenzene 4.22 (2.43 g, 10.9 mmol) in THF (20 ml) was added dropwise 
and the ice bath was removed. The mixture was left stirring for 4 h at room temperature. 
The solvent was removed under reduced pressure and the crude product taken up in 
DCM, washed with water and brine and dried over MgSO4. The compound was purified using 
a short silica column and recrystallised from hexane, affording the product as a white solid 
(0.8 g, 40 %). 
1H NMR (ppm) δ 8.76 (br. s., 1H, NH), 6.67 (m, 1H, Ar-H), 4.31 (m, 2H, O-CH2), 2.84 
(m, 2H, CH2), 2.57(m, 2H, CH2), 1.76 (m, 4H, CH2), 1.37 (m, 3H, CH3). 
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Phenylsulfenyl chloride278 4.19 
 
In a 500 ml round-bottom flask with reflux condenser N-chlorosuccinimide (34 g, 
191 mmol) was suspended in anhydrous DCM (300 ml). Thiophenol 4.18 (3 ml, 26 mmol) was 
added dropwise under vigorous stirring. The reaction solution was gently heated until it 
turned dark orange, indicating the onset of the reaction. The round-bottom flask was the 
immersed in an ice bath to control the reaction. The remaining thiophenyl (16.8 ml, 
147 mmol) was added drop-wise, keeping the reaction temperature at roughly 50 °C. The ice 
bath was removed and the reaction was stirred at room temperature for 30 min. 
The organic solvent was removed under reduced pressure and succinimide was 
filtered off and washed using hexane. Organic solvents were removed under reduced 
pressure to give the product as an orange oil and used directly in the next reaction step. 
trans-2-Chloro-1-cyclohexyl phenyl sulphide278 4.20 
 
In a 50 ml round-bottom flask phenylsulfenyl chloride 4.19 is cooled down to -50 °C 
using an acetone/dry ice bath. Cyclohexene (23.7 ml, 208 mmol) was added which instantly 
decolourised the solution. The solution was then filtered to remove residual succinimide 
which was washed with DCM. The organic solvents were removed under reduced pressure, 
leaving a yellow oil (38.35 g, 97 %). 
1H NMR (ppm) δ 7.47 (m, 2H, Ar-H), 7.33 8m, 3H, Ar-H), 4.05 (m, 1H, CH), 3.35(m, 1H, 
CH), 2.37 (m, 1H), 2.22 (m, 2H), 1.67 (m, 2H), 1.45(m, 2H). 
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trans-2-Chloro-1-cyclohexyl phenyl sulfone278 4.21 
 
In a 1 l round-bottom flask trans-2-chloro-1-cyclohexyl phenyl sulphide 4.20 (38.35 g, 
169 mmol) was dissolved in DCM (800 ml) and cooled down to 0 °C in an ice bath. mCPBA 
(77 %, 78.8 g) was added under stirring and so slowly that the solvent would boil gently. The 
reaction was stirred for 30 min at room temperature. 
Aqueous sodium sulphite solution was added and the product was extracted with 
diethyl ether. The organic phase was washed with saturated sodium carbonate solution and 
brine and dried over MgSO4. The solvents were removed under reduced pressure, affording 
the product as a white solid (22.0 g, 50 %). 
1H NMR (ppm) δ 7.93 (m, 2H, Ar-H), 7.68 (m, 1H, Ar-H), 7.58 (m, 2H, Ar-H), 4.38 (m, 
1H), 3.34 (m, 1H), 2.37 (m, 1H), 2.25 (m, 1H), 1.94 (m, 1H), 1.79 (m, 4H), 1.46 (m, 2H). 
Cyclohexenylsulfonylbenzene278 4.22 
 
In a 50 ml round-bottom flask trans-2-chloro-1-cyclohexyl phenyl sulfone 4.21 
(12.0 g, 46.5 mol) was dissolved in DCM (20 ml) and cooled down to 0 °C using an iso-
propanol/dry ice bath. DBU (6.95 ml, 46.5 mmol) was added dropwise, keeping the reaction 
temperature between -5 and 0 °C. The ice bath was removed and the reaction was allowed 
to warm to room temperature, resulting in a clear orange solution. 
The solution was taken up in diethyl ether and washed with aqueous hydrochloric 
acid (2 %), water and brine and dried over MgSO4. Solvents were removed under reduced 
pressure and the crude recrystallised from hexane at 0 °C, affording the product as a white 
solid (7.5 g, 70 %). 
1H NMR (ppm) δ 7.90 (d, 2H, Ar-H), 7.63 (m, 1H, Ar-H), 7.55 (m, 2H, Ar-H), 7.10 (m, 
1H, CH), 2.29 (m, 2H, CH2), 2.19 (m, 2H, CH2), 1.67 (m, 2H, CH2), 1.59 (m, 2H, CH2). 
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4-Bromophenyl-bis(3-ethoxycarbonyl-tetrahydro-2H-isoindolyl)methane279 4.25 
 
In a microwave vial ethyl tetrahydroisoindole carboxylate 4.17 (400 mg, 1.7 mmol), 
p-bromobenzaldehyde (153 mg, 0.83 mmol) and n-tetrabutylammonium chloride (34.6 mg, 
0.12 mmol) were dissolved in anhydrous DCM (5 ml) under argon. Argon was bubbled 
through the solution for 30 mins and boron trifluoride diethyl etherate (20.5 ml, 0.17 mmol) 
was added via syringe. The reaction was stirred for 16 h at room temperature. 
The solution was washed with an aqueous Na2CO3 solution, water and brine and 
dried over MgSO4 and the product was purified using a short silica column. The solvent was 
removed under reduced pressure, affording the product as a yellow oil (260 mg, 66 %). 
1H NMR (ppm) δ 9.43 (br. s., 2H, NH), 7.38 (d, 2H, Ar-H), 6.97 (d, 2H, Ar-H), 5.44 (s, 
1H, CH), 4.14 (q, 4H, CH2), 2.80 (m, 4H, CH2), 2.29 (m, 4H, CH2), 1.72 (m, 4H, CH2), 1.27 (t, 
6H, CH3). 
4-Bromophenylmethylene-bis(tetrahydro-2H-isoindole)280 4.26 
 
In a 25 ml round-bottom flask with reflux condenser diethyl 3,3'-((4-
bromophenyl)methylene)bis(tetrahydro-isoindole-1-carboxylate) 4.25 (260 mg, 0.47 mmol) 
and KOH (44 mg, 0.78 mmol) were dissolved in ethylene glycol (10 ml). Argon was bubbled 
through the clear orange solution for 30 min to replace the atmosphere. The reaction was 
heated to reflux for another 30 min, turning solution dark red. 
The reaction solution was cooled down in an ice bath to allow for a speedy work-up. 
DCM was added and the organic phase was washed with water several times. The aqueous 
phase was back-washed with DCM and the resulting organic phases were combined to be 
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washed with brine and dried over MgSO4. The solvent was removed under reduced pressure 
and  the product was used directly in the next reaction step. 
Tetrakis(4-bromophenyl)-cyclohexenoporphyrin280 4.27 
 
In a 100 l round-bottom flask 4-bromophenylmethylene-bis(tetrahydroisoindole) 
4.26 and 4-bromobenzaldehyde 2.5 (87 mg, 0.47 mmol) were dissolved in anhydrous DCM () 
under argon and the solution was stirred for 20 min in the dark at room temperature. Boron 
trifluoride diethyl etherate (4.4 µl, 0.047 mol) was added via syringe and the reaction was 
stirred for 4 h, turning the solution dark red. DDQ (10 mg, 0.047 mmol) was added and the 
reaction was stirred overnight at room temperature. 
The reaction solution was washed with aqueous Na2SO3 solution, HCL (10 5), water 
and brine and dried over MgSO4. The solvents were removed under reduced pressure. 
Purification was conducted using a short silica column using different ratios of DCM:MeOH 
as eluents and achieved separation into several low-yield product mixes, showing 4-
bromobenzaldehyde starting material and several further aromatic compounds that could 
not be identified as porphyrins due to their lack of signal in the negative regime. 
Bis(3-ethoxycarbonyl-4,7-dihydro-2H-isoindolyl)methane126 4.28 
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In a 50 ml round-bottom flask ethyl tetrahydroisoindole carboxylate 4.17 (1.0 g, 
5.2 mmol), dimethoxymethane (200 mg, 2.6 mmol) and p-toluenesulfonic acid (50 mg, 
20.26 mmol) were dissolved in acetic acid (30 ml). The reaction was stirred at room 
temperature overnight. 
The solution was poured into cold water and the precipitate formed was collected by 
filtration, dried under reduced pressure and recrystallised from EtOH, affording the product 
as a white solid (300 mg, 28 %). 
1H NMR (ppm) δ 9.13 (br. s., 2H, N-H), 4.28 (q, 4H, O-CH2), 3.81 (s, 2H, Ar-CH2), 3.75 
(m, 3H), 2.80 (m, 4H, CH2), 2.44 (m, 4H, CH2), 1.76 (m, 8H, CH2), 1.33 (t, 6H, CH3), 1.27 (t, 
6H, CH3). 
Bis(tetrahydro-2H-isoindolyl)methane126 4.29 
 
In a 25 ml round-bottom flask bis(3-ethoxycarbonyl-4,7-dihydro-2H-
isoindolyl)methane 4.28 (300 mg, 0.75 mmol) and KOH (250 mg, 4.5 mmol) were dissolved in 
ethylene glycol (10 ml) and refluxed for 1 h under argon. 
The mixture was diluted with DCM and washed with water and brine. The mixture 
was purified using a short silica column and the solvents were removed under reduced 
pressure. The product was used immediately in the next reaction step. 
5,15-Bis(4-bromophenyl)-cyclohexenoporphyrin126 4.30 
 
In a 100 ml round-bottom flask bis(tetrahydro-2H-isoindolyl)methane 4.29 and 
(4-bromophenyl)benzaldehyde 2.5 (140 mg, 0.75 mmol) were dissolved in anhydrous DCM 
(50 ml) and argon was bubbled through the solution for 10 min. TFA (7 µl) was added via 
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syringe and the reaction was stirred in the dark overnight. A solution of DDQ (260 mg, 
1.13 mmol) in toluene (5 ml) was added and the reaction was stirred for 2h. 
The reaction solution was filtered through a short silica column and the solvents 
removed under reduced pressure. Column chromatography (DCM:NEt3 (1 %)) separated the 
crude product and fractions containing aromatic compounds were treated with TFA, dried in 
vacuum and precipitated from DCM. 1H NMR spectroscopy was conducted but no signals 
could be found in the negative regime of the spectrum, indicating that the porphyrin 
formation did not take place. 
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2.18 
 
LUMO+4 
 
LUMO+3 
 
LUMO+2 
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LUMO+1 
 
LUMO 
 
HOMO 
 
HOMO-1 
 
 
290 
HOMO-2 
 
HOMO-3 
 
HOMO-4 
 
Excitation energies and oscillator strengths 
Excited state symmetry could not be determined. 
Excited State 1: Triplet, 1.4564 eV, 851.29 nm, f=0.0000, <S**2>=2.000. 
HOMO -> LUMO 0.17758 
HOMO -> LUMO+2 0.55286 
HOMO -> LUMO+3 -0.28995 
 
Excited state symmetry could not be determined. 
Excited State 4: Singlet, 1.8974 eV, 653.46 nm, f=1.6404, <S**2>=0.000. 
HOMO-2 -> LUMO -0.14489 
HOMO-1 -> LUMO 0.28652 
HOMO-1 -> LUMO+2 -0.12325 
HOMO -> LUMO 0.57661 
HOMO -> LUMO+2 0.18078  
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2.19 
 
LUMO+4
 
LUMO+3
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LUMO+2
 
LUMO+1
 
 
293 
LUMO
 
HOMO
 
 
294 
HOMO-1
 
HOMO-2
 
 
295 
HOMO-3
 
HOMO-4
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Excitation energies and oscillator strengths 
Excited state symmetry could not be determined. 
Excited State 1: Triplet 1.4575 eV, 850.63 nm, f=0.0000, <S**2>=2.000. 
HOMO-1 -> LUMO+2 -0.13719 
HOMO-1 -> LUMO+4 -0.16702 
HOMO -> LUMO+1 0.15997 
HOMO -> LUMO+2 0.34377 
HOMO -> LUMO+3 0.25168 
HOMO -> LUMO+4 0.39466 
 
Excited state symmetry could not be determined. 
Excited State 4: Singlet, 1.8148 eV, 683.19 nm, f=1.0225, <S**2>=0.000. 
HOMO-4 -> LUMO+1 -0.12101 
HOMO-2 -> LUMO+1 0.11236 
HOMO -> LUMO 0.17126 
HOMO -> LUMO+1 0.61923 
HOMO -> LUMO+2 0.10436 
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Photoluminescence dependency 
from Pt-concentration 
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[S1] : Singlet concentration 
[Pt] : Platinum concentration 
 
 𝑑𝑑[ 𝑆𝑆1 ]
𝑑𝑑𝑃𝑃
= 𝑘𝑘𝑟𝑟[𝑆𝑆1] + 𝑘𝑘𝑖𝑖𝑟𝑟[𝑆𝑆1] + 𝑘𝑘𝐼𝐼𝑆𝑆𝑆𝑆[𝑆𝑆1] (F.1) 
 𝑘𝑘𝐼𝐼𝑆𝑆𝑆𝑆 = 𝑘𝑘𝐼𝐼𝑆𝑆𝑆𝑆′ + 𝑘𝑘𝐼𝐼𝑆𝑆𝑆𝑆′′ [𝑃𝑃𝑃𝑃] (F.2) 
 d[ 𝑆𝑆1 ]dt = (kr + 𝑘𝑘𝑖𝑖𝑟𝑟 + 𝑘𝑘𝐼𝐼𝑆𝑆𝑆𝑆′ + 𝑘𝑘𝐼𝐼𝑆𝑆𝑆𝑆′′ [𝑃𝑃𝑃𝑃][𝑆𝑆1] (F.3) 
 [𝑆𝑆1](𝑃𝑃) = [𝑆𝑆1]0  ∙  𝑒𝑒−(𝑘𝑘𝑟𝑟 + 𝑘𝑘𝑛𝑛𝑟𝑟 + 𝑘𝑘𝐼𝐼𝐼𝐼𝐼𝐼′  + 𝑘𝑘𝐼𝐼𝐼𝐼𝐼𝐼′′ [𝑃𝑃𝑃𝑃])∙𝑃𝑃 (F.4) 
 𝑃𝑃𝐿𝐿𝑖𝑖𝑖𝑖𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖  � [𝑆𝑆1](𝑃𝑃)𝑑𝑑𝑃𝑃∞
0
 (F.5) 
 𝑃𝑃𝐿𝐿𝑖𝑖𝑖𝑖𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖  [𝑆𝑆1]0−(𝑘𝑘𝑟𝑟 + 𝑘𝑘𝑖𝑖𝑟𝑟 + 𝑘𝑘𝐼𝐼𝑆𝑆𝑆𝑆′ + 𝑘𝑘𝐼𝐼𝑆𝑆𝑆𝑆′′ [𝑃𝑃𝑃𝑃]) 𝑒𝑒[−(𝑘𝑘𝑟𝑟+𝑘𝑘𝑛𝑛𝑟𝑟+𝑘𝑘𝐼𝐼𝐼𝐼𝐼𝐼′ +𝑘𝑘𝐼𝐼𝐼𝐼𝐼𝐼′′ [𝑃𝑃𝑃𝑃])]0∞ ∙ 𝑃𝑃 (F.6) 
 𝑃𝑃𝐿𝐿𝑖𝑖𝑖𝑖𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖  [𝑆𝑆1]0𝑘𝑘𝑟𝑟 + 𝑘𝑘𝑖𝑖𝑟𝑟 + 𝑘𝑘𝐼𝐼𝑆𝑆𝑆𝑆′ + 𝑘𝑘𝐼𝐼𝑆𝑆𝑆𝑆′′ [𝑃𝑃𝑃𝑃] (F.7) 
 𝑘𝑘1 =  𝑘𝑘𝑟𝑟 + 𝑘𝑘𝑖𝑖𝑟𝑟 + 𝑘𝑘𝐼𝐼𝑆𝑆𝑆𝑆′  (F.8) 
 𝑃𝑃𝐿𝐿𝑖𝑖𝑖𝑖𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖  [𝑆𝑆1]0𝑘𝑘1 + 𝑘𝑘𝐼𝐼𝑆𝑆𝑆𝑆′′ [𝑃𝑃𝑃𝑃] (F.9) 
 
As a first-order approximation the PL intensity is expected to decay asymptotically for 
high quantum yields or for high platinum concentrations. An ideal host-guest system with a 
high quantum yield (𝑘𝑘𝐼𝐼𝑆𝑆𝑆𝑆′′  ≫  𝑘𝑘1) would therefore be solely dependent on the amount of 
platinum present within the bulk: 
 
 𝑃𝑃𝐿𝐿 ∝   1[𝑃𝑃𝑃𝑃] (F.10) 
 
